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Abstract 
 
 
Reducing the band gap of organic materials to accommodate absorption in the near IR has been a 
long standing problem of fully organic systems. In contrast, the size control of nanoparticles has 
enabled the tuning of the electronic band gap such that near IR absorption is achievable by a variety 
of inorganic materials. Furthermore, electron and hole mobilities in single crystal inorganic materials 
have been reported consistently well in excess of those in organic materials. However, these 
advantages have not translated into superior performances in devices based on solution-processed 
nanocrystals, which rely on good charge generation properties and an effective transport network in 
the photoactive layer to extract a current. To achieve an effective dispersion of nanoparticles 
throughout an organic matrix, traditionally, capping ligands have been employed on the surfaces of 
the nanoparticles. These have been shown to hinder both interfacial charge transfer, between the 
organic material and nanoparticle, and charge transport between nanoparticles. As a result much 
effort has been directed at facilitating good mixing between nanoparticles and organic materials 
without the use of ligands. One method that has shown promise utilises a single-source xanthate 
organometallic precursor, which is soluble in common organic solvents and thus easily dispersed 
throughout a polymer thin film. The application of heat results in the decomposition of this 
compound yielding volatile organic side products and a percolating metal sulfide nanostructure. The 
research presented in this thesis focuses on the design and function of solar cells employing 
photoactive layers of the semiconducting polymer, P3HT, and nanostructured CdS fabricated 
employing the in-situ strategy described above.  
Firstly, investigation of the role of the architecture of the solar cell is undertaken. The materials 
involved in the electron extraction process are scrutinised, followed by those responsible for hole 
extraction. The introduction of new materials and layers as well as their method of fabrication are 
considered in order to ascertain the optimum combination to support the effective operation of the 
active layer. The focus is then shifted on to the optimisation of the photoactive layer. Study into the 
effects of changing composition and processing conditions on the behaviour of devices is conducted 
and the potential routes for further improvement of the CdS/P3HT system are established. Next, the 
relationship between morphology and the photophysical properties of CdS/P3HT blends is subjected 
to a comprehensive spectroscopic investigation. Altering the morphology of the blends is achieved 
through a change in the composition ratio of the samples and confirmed by TEM. Transient and 
steady state absorption techniques as well as photoluminescence are used to monitor the behaviour 
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of excited states and identify the drawbacks of the CdS/P3HT combination. Finally, the 
environmental stability of typical CdS/P3HT devices is examined. Devices and films are subjected to 
inert and ambient conditions both in the light and dark and the change in performance and charge 
separation yield (as determined by transient absorption measurements) is monitored over time. 
Furthermore a comparison is made between the stability of CdS/P3HT systems with their fully 
organic P3HT/PCBM counterparts. These are subjected to oxygen and water separately in order to 
shed light on the mechanism of degradation in both systems. 
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Chapter 1: 
Introduction 
 
 
1.1 Challenges of the 21st Century 
 
The history of mankind is characterised by the continuous development of artefacts and ways of 
living the objectives of which have been to enhance the productivity and chances of survival of our 
species. Along with these, has been the discovery of how to make fire and its development as a 
source of heat for warmth and the preparation of food. More recently, it has also been used as a 
source of power to drive the machinery on which our present way of life has come to depend. 
Moreover, as the number of people inhabiting our planet increases, along with their similarly 
increasing expectations in terms of access to items of comfort and convenience, so also do the 
demands for the energy required to support it. 
The projections of world population growth prepared by the United Nations (UN)suggest that we will 
observe an increase in global population from a current 7 billion to a middle estimate of 9 billion by 
2050.1 Furthermore, the impact of such a rate of population growth is compounded by the fact that 
humans are living on average longer than at any point in recorded history. These factors and the 
rapid industrialisation of countries around the world have led to projections of an increase in global 
energy demands of between 35-55 % within 30 years.2-4 This increase in demand will require an 
increase in energy generation capacity, currently approximately 80% of the world’s energy is 
generated by the combustion of fossils fuels (Figure 1.1).5  
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Figure 1.1: Distribution of fuel consumption by source type. The vast majority is of global energy production is 
still facilitated by the use of fossil fuels. Data reproduced from reference.
5
 
 
However, conventional Fossil fuels are a finite resource. Known world reserves of oil and gas are 
expected to become depleted in less than 65 years, and coal in just over 100 years at 2011 
consumption levels.6 However, the discovery and increasing economic viability of unconventional 
(shale) gas will increase the overall recoverable gas resources worldwide by around 40% according 
to the US Energy Information Administration.7 Furthermore, the recent discovery of vast quantities 
of shale gas within the United Kingdom at levels ten times greater than those predicted by the US 
suggest that even this 40% estimate may be woefully underestimating the reality of shale gas 
abundance.8 Nonetheless, this new source of gas will only act to delay the inevitable increase in 
price and the eventual exhaustion of fossil fuels. Oil and gas prices are already notoriously subject to 
fluctuations and energy security cannot be achieved by countries that rely on imports to supply their 
energy demands. It is therefore essential that other forms of energy generation be investigated and 
developed. 
Undeniably, the most prevalent disadvantage with regards to the use of fossil fuels is the emission of 
carbon dioxide as a by-product of the combustion process and its effect on the environment. Many 
computational predictions of future global conditions have been generated as a function of the 
observation of increasing carbon dioxide (CO2) levels in the atmosphere showing a correlation 
between CO2 and global temperature, with further increases in CO2 levels yielding further increase in 
temperature. As such, most of the relevant scientific community are in agreement over the 
relationship between carbon dioxide and anthropogenic climate change.9 It should be noted that not 
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all scientists have come to a consensus on the causes of the increase in global temperatures. There 
have been some suggestions that the more recent increase in global warming may due to the 
increase in atmospheric chlorofluorocarbons (CFCs) and ozone depletion.10 The observation of the 
warming itself, however, is indisputable and most prevalent in the changing temperature of the 
planets oceans.11 Such changes in temperature will affect the world through rising sea levels and a 
significant reduction in crop yields in the most highly populated parts of the world.12, 13 The results of 
lower food production and forced migration would invariably impact the whole world in a 
destabilising manner. Therefore, mitigation of the severity of climate change effects should be 
considered a global priority. A sensible approach to climate change should be multifaceted with both 
the reduction of any and all potentially contributing gases and also the development of strategies for 
alleviating the detrimental effects of any temperature increases that do occur. As atmospheric CFC 
concentrations are already in decline, due to the Montreal protocol, attention should be directed to 
a achieving a likewise decline in CO2 concentrations, through a reduction in fossil fuel combustion. 
 
 
1.2 Alternative Energy 
 
Most energy consumption that takes place is utilised as electricity, in heating/air conditioning, and in 
transportation. The generation of electricity has been identified as the area where alternative 
sources of energy will most easily be employed.14 Currently the technology best placed to provide 
abundant and cheap electricity without high CO2 emissions is the use of nuclear fission. Expansion of 
capacity here could completely remove fossil fuel usage in electricity generation. However, there are 
a number of practical challenges that are not easily overcome. The fuel necessary to run a nuclear 
power plant requires treatments that only a handful of countries have the capacity to produce. In 
recent years, the development of such technologies in other countries has been discouraged heavily. 
It is then a case of a small number of countries providing the rest of the world with the required 
quantities of fuel, which may turn out to provide challenges of its own. Should nuclear be adopted 
worldwide, regardless, currently nuclear fission only accounts for less than 3% of global energy 
supply.15 A substantial increase in the development of new nuclear power plants would be required 
that would be a long and costly process. This would mean that capacity would not rise for at least 7 
years when the first of any new plants may be approaching completion. Beyond these issues, there 
is also a great reluctance to engage in such projects on a huge scale due to the stigma attached to 
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the production of nuclear waste and the dangers, real or perceived, stoked by disasters such as 
Chernobyl and, more recently, Fukushima.  
 
 
Figure 1.2: The 2012 and predicted 2020 cost range of electricity generated from renewable sources; wind 
(cyan), solar (purple), biomass (green), hydro (blue) and geothermal (orange) as compared to the cost of 
electricity generated from fossil fuels (dashed black lines) Data taken from reference.
16
  
 
Alternative sources of energy to both nuclear and fossil fuel have existed for a long time such as 
those under the umbrella of renewable energy. A renewable energy source is one that can be 
considered to be naturally replenished on a reasonable timescale such that it will never be depleted. 
By far the most utilised renewable source of energy is traditional biomass which even today 
accounts for 8.5% of global energy supply.5 Sadly, further utilisation of this renewable option is not 
feasible due to the difficulties in expanding and maintaining the supply of bio-sourced material. In 
order to facilitate the wide scale adoption of a renewable energy source or technology the energy 
generated from that source must be competitively cheap. Currently electricity generated from 
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onshore wind farms, through hydroelectric facilities, and geothermal phenomena produce energy at 
competitive rates.16 Unfortunately, the geological features necessary for construction of the 
appropriate power plants are not sufficiently common to cover global demand. Wind power has 
shown some promise and construction is being undertaken all over the world and most extensively 
in Europe, North America and Asia.17 As the increase in demand continues the prospect of covering 
the landscape with wind farms to meet that demand will become more unpopular. Offshore wind 
has been an alternative to reduce the burden on the land however the cost of building the 
infrastructure pushes the cost of electricity just beyond the competitive limit. Although the cost of 
these technologies is predicted to come down in the future (see figure 1.2), it is possible that 
demand will eventually outstrip the potential to supply. Another option that deserves consideration 
is the use solar energy. Figure 1.3 shows the relative potential utilisable through application of 
various renewable energy sources.  According to the IEA the lowest estimate for solar energy 
potential is greater than all other sources combined and abundant enough to cover the global 
energy demand several times over. Furthermore, the abundance of solar energy is made apparent 
from the theoretical estimate of available potential, far in excess of all other renewable sources with 
the exception of geothermal. However, realising the potential for geothermal energy generation is a 
challenge unto itself and unlikely to provide the security of supply that many countries desire in 
parts of the world where the appropriate sites and technological ability don’t exist. 
 
 
Figure 1.3: UN assessment of the practical estimates (blue) and theoretical estimates (light blue) for the 
amounts of annually harnessable potential energy from various renewable sources. Data from the following 
references.
18, 19
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There is a number of ways in which solar energy may be harnessed. The majority of large scale 
projects have utilised either concentrated solar power (CSP) or photovoltaic (PV) methodologies. 
Unfortunately most CSP and PV produced electricity is uncompetitively expensive, in part, due to the 
widely varying costs between technologies and regions.16 However, the potential for PV particularly, 
to play a role in heavily supplementing the energy portfolio of many countries in the future has been 
recognised. In fact, PV annual growth targets to achieve the International Energy Agency’s (IEA’s) 
Blue Map scenario for 2020 were set at 19% and so far growth has been recorded well in excess, at 
60%.20 
 
 
1.3 Photovoltaics, Plastic Electronics and Motivations 
 
There is considerable interest in PV and capacity is increasing annually. However, the rate of growth 
must accelerate substantially for PV to become a significant contributor to electricity supply on a 
reasonable timescale.20 The observed growth within the PV industry is heavily supported by 
government incentives worldwide. For instance, in the UK both wind and PV technological 
innovation and commercialisation have been encouraged through the renewables obligation.21 This 
is in spite of the high cost of the energy generated which is in part due to the costs associated with 
fabrication of modules of the most common silicon or cadmium telluride (CdTe) solar cells. Attempts 
to reduce the cost, over the years, by modifying the fabrication process has yielded ever cheaper 
solar cells and subsequently reduced the cost of electricity. This effect has been dubbed the 
Swanson effect drawing many parallels with Moore’s Law for transistors. However, electricity prices 
are currently still not sufficiently competitive. 
One way of reducing the cost further, is the use of organic materials. With the inception of the field 
of plastic electronics it was envisaged that a new route to solar cell fabrication could be achieved at 
costs significantly lower than those of the traditional PV technologies.22, 23 Both academically and 
industrially large amounts of work have gone into the development of this field. The use of organic 
semiconducting polymeric materials offers the promise of cheap, low tech fabrication strategies 
capable of producing a range of flexible and versatile electronic devices. This raises the prospect of 
generating multiple growth industries that will undoubtedly receive considerable financial 
attention.24 
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In order to facilitate growth in an organic PV industry interest in commercialisation must be 
accompanied by improvements in technology through efforts in research. Significant progress has 
already been made in the adoption of plastic materials in PV design in many labs around the world. If 
one considers the amount of work over decades that have gone into conventional inorganic PV as 
compared to their organic competitors progress has been much more rapid in the case of the latter. 
It is therefore hoped that, in the spirit of the Swanson effect, organic PV will become economically 
viable more quickly, bringing it into competition with conventional technologies. Further work into 
appropriate organic materials and solution processing techniques is still necessary so that any 
advances can be fully exploited.  
The overall aim of all PV research is to achieve low cost and highly efficient modules that are 
commercially attractive. Avoiding the need for very high temperatures in fabrication and the ability 
to utilise role to role solution processing techniques have been recognised as the main driving forces 
for cost efficiency in organic PV. This has led to the development of processes that facilitate the 
incorporation of inorganic materials into similar electronics in order to take advantage of the 
benefits of their electronic properties. Some unique challenges have arisen in PV cells made from 
the combination of these inorganic and organic materials. It is the aim of this thesis to cover in 
greater detail the work conducted with the incorporation of inorganic materials into solution 
processing methods and to inform the reader of the state of the art in this field. This thesis takes the 
form of a background and theory chapter, an experimental and subsequent results chapters 
followed by concluding remarks. In the next chapter the reader will be taken through the 
background and theoretical knowledge necessary to interpret and appreciate the work presented, 
the context in which it was undertaken and the challenges that exist inhibiting the improvement of 
PV efficiency. The research presented within this thesis will focus on a novel methodology developed 
to overcome some of these challenges, specifically to do with the mixing of organic and inorganic 
materials. Furthermore, the viability of this methodology will be investigated and any further 
challenges to overcome identified.  
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Chapter 2: 
Background and Theory 
 
 
2.1 A Brief History of Solar Cells 
 
In 1839, the physicist Alexandre Edmond Becquerel noticed a current was produced upon exposure 
of silver chloride and platinum electrodes, submerged in an acidic solution, to sunlight.1, 2 This was 
the first published observation of a phenomenon that has come to be known as the photovoltaic 
(PV) effect. The potential for utilisation of this phenomenon was not appreciated until a further 
observation was made in 1876, when William Grylls Adams and Richard Evans Day demonstrated a 
similar effect in selenium.3 This was the first indication that such effects could take place in solids. 
However it was only after almost a century, and the development of some crucial prerequisite 
technologies, that the first effective solar cell was made. At Bell Labs, collaboration between Chapin, 
Fuller and Pearson enabled the construction of a silicon solar cell in 1954.4 The utilisation of PV as a 
method of generating electricity suffered from a lack of commercial interest due to the significantly 
higher price of the energy generated as compared to conventional methods. An opportunity came 
for Bell labs when, after recommendation by Hans Ziegler, the US Navy adopted solar cells as a 
power source in their experimental satellites beginning with Vanguard 1 which launched in 1958.5 
The potential for the broader commercial use of solar power was widely recognised if the price could 
be reduced. Work was undertaken by Dr Elliot Berman, sponsored by the Exxon Corporation, to 
facilitate a cheaper PV design. Through a number of modifications to the fabrication process and the 
introduction of cheaper packaging materials as well as a realisation of the tolerance of silicon 
modules to imperfections Berman managed to reduce the cost of the energy produced by a factor of 
10 by 1973.5 It was believed that reducing the price of electricity from PV even further was still 
achievable by many. Only 3 years later Carlson and Wronski published the first amorphous Si solar 
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cell.6 Although only achieving an efficiency of 1.1 %, it showed that, conceptually, a supply of 
expensive crystalline silicon was not a necessity for making a working PV device. 
Since then, many different approaches to exploiting the PV effect have been investigated through 
different device architectures and materials. Work has been going on making thin film PV for many 
years. In 1993 a breakthrough efficiency of 15.8 % was finally reported by Fritt and Ferekides on a 
system containing cadmium sulfide (CdS) and cadmium telluride (CdTe).7 In 1991 Gratzel and 
O’Regan demonstrated a device that maximised the absorption of ruthenium based organometallic 
dyes to utilise the sun’s energy.8 This development grew into the field of dye sensitised solar cells 
(DSSC’s) also reaching competitive efficiencies.9, 10 
Other forms of solar cells were also being developed that incorporated organic materials however 
due to their insulating nature reported only negligible efficiencies.11 For instance in the 1960s and 
70s there was much interest in tetracene sandwich cells, which achieved only modest efficiencies of 
up to 10-4 %.12, 13 An important development in the chemical sciences was made in 1977 by 
Shirakawa et al, when they successfully produced a highly conductive halide doped polyacetylene.14 
This led to the recognition of the wider potential applications of organic materials and the 
development of plastic electronics as a field. Organic polymeric and small molecule substitutes were 
adopted as replacements for the inorganic photoactive materials traditionally employed in solar 
cells, leading to the development of organic photovoltaics (OPV) as a field.  The shift from inorganic 
to organic materials was an attractive notion as it enabled the application of alternative fabrication 
strategies with the potential to drastically reduce manufacturing costs. Improving the efficiencies of 
devices incorporating organic materials that may be cheaply synthesised and processed has been a 
significant driving force for the continued interest in the field over the years.  This proved to be a 
challenging prospect as little was understood about the behaviour of such systems until a 
breakthrough was made by Tang in 1986, shedding light on the need for a donor acceptor junction 
to facilitate current generation.15, 16 Further breakthroughs followed when, in 1992, Sariciftci et al 
demonstrated that photoinduced electron transfer was possible between a conducting polymer and 
the small molecule buckminsterfullerene.17 This was capitalised on by Yu et al in 1995, when they 
reported on the fabrication of a 2.9 % efficient donor acceptor bicontinuous heterojunction 
incorporating the semiconducting polymer MEH-PPV (poly[2-methoxy-5-(2’-ethylhexyloxy)-p-
phenylene vinylene]) and small molecule PCBM ([6,6]-phenyl-C61-butyric acid methyl ester).
18 Solar 
cell architectures utilising similar morphologies became known as bulk heterojunctions (BHJ’s) and 
form the basis for the work presented in this thesis. 
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2.2 Electronic Properties of Materials 
 
2.2.1 Inorganic Band Structure and the Fermi Level 
 
The electrochemical potential for the electrons in a system is called the Fermi level. More 
specifically, it is the thermodynamic work required to place an electron into a system being 
described.  In the context of a band structure the Fermi level of a material gives an indication of the 
energetic distribution of the electrons. The probability of finding an electron at a given energy is 
called the Fermi-Dirac distribution, shown in equation 1. 
(Equation 1)       
 
 
             
 
Where      is the probability of finding an electron at energy  ,    is the Fermi level of the system 
and    and   the Boltzmann constant and temperature of the system respectively. It should be 
noted that at thermodynamic equilibrium the Fermi level can be described as the energy at which 
the probability of finding an electron is 50 % (where   =   ). In a system where the density of states 
is continuous around the Fermi energy the distribution of electron energies with respect to 
temperature can be easily illustrated (figure 2.1). 
 
 
Figure 2.1: The energetic distribution of particles as a function of temperature as given by the Fermi-Dirac 
distribution function. 
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At 0 K the all the electrons are arranged in the lowest energy states accessible. In this state the 
highest energy electrons in the system carry a potential equivalent to the Fermi level. As the 
temperature is increased a Boltzmann distribution of the electrons occurs accommodating the extra 
thermal energy leading to occupancy of states above the Fermi level under thermodynamic 
equilibrium, while the Fermi level itself is constant. Movement of the Fermi level therefore requires 
a change in the population of electrons within the system.  
Inorganic materials may form crystals from the regular arrangement of their constituent atoms, as 
described by the Bravais lattices.19 The interactions between the atoms in these crystals and their 
electrons, which effectively bind them, are described by their wavefunctions. In each atom the 
electrons are considered to have particular orbits around their respective elemental nuclei; these 
are called the atomic orbitals (AO’s). When another nucleus is placed in the vicinity of the first, an 
interaction, between these AO’s occurs, resulting simultaneously in constructive and destructive 
interactions leading to a transfer of electron density towards the inter-nuclear region. This leads to a 
change in the respective energies of the electrons in the system with the formation of a lower 
energy bonding orbital and a higher energy anti-bonding orbital; these are referred to as molecular 
orbitals (MO’s). Further introduction of atoms leads to an extended interaction between the orbitals 
along all the nuclei. This results in the generation of MO’s that cover the entire area of the crystal 
(figure 2.2).20  
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Figure 2.2: Formation of band structure from interaction between adjacent orbitals. As AO’s interact they form 
MO’s with discrete energy levels dictated by the stabilisation and destabilisation of the orbitals. As the number 
of orbitals in the interaction increases, the number of mixing states increases leading to a continuum of energy 
levels referred to as a band. 
 
In the resulting crystal, if the bonds along any plane are degenerate, a phenomenon known as 
Peierls distortion occurs.21, 22 This causes the periodic lengthening and shortening of alternating 
bonds driven by a slight increase in the stability of the electrons.  This leads to a splitting of the MO’s 
into bands, which are filled with electrons in order of their stability. The resulting highest energy 
filled band is called the valence band (VB) while the next highest band (lowest energy unoccupied 
band) is called the conduction band (CB). Electrons in a fully occupied VB are immobile due to the 
absence of available states for the electrons to flow into. Electrons that are promoted into the CB 
are free to move throughout the crystal as there is an abundance of empty states. In a 
semiconductor this is where the electron current would reside energetically. If electrons are 
removed from the VB this also results in the formation of a positive charge, called a hole, in the 
space where the electron has been removed. These holes are also capable of flowing through this 
band as a current. Materials that exhibit this kind of band structure are referred to as 
semiconductors or insulators depending on their conductivity, which may be affected by phenomena 
such as the magnitude of the band gap. Alternatively, if there is an overlap between the VB and CB 
then the material is intrinsically conductive and referred to as metallic (figure 2.3). 
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Figure 2.3: (left) Illustrative representation of the band structure of Insulating, Semiconducting and metallic 
materials, characterised by the band gaps between the VB and CB, or lack thereof. (right) The effects of doping 
are to add states into the band gap that are more easily accessible from the VB (p-type doping) or more easily 
able to promote electrons into the conduction band (n-type doping). 
 
The energy difference between the top of the VB and the bottom of the CB is the called the band 
gap; the energy required for the promotion of an electron from the VB into the CB. This is also 
considered to be a range of energies over which no electronic states exist intrinsically. However it is 
possible that some states may be present in the band gap. These can arise due to the presence of a 
variety of crystallographic defects disrupting the crystal packing or due to the introduction of small 
amounts of elemental impurities into the make-up of the bulk of the crystal.23 The latter 
phenomenon acts as ‘dopants’ introducing states that are discrete into the otherwise forbidden 
energetic regions. Depending on the dopant atoms these states may be occupied or empty resulting 
in n- and p-type doping respectively. If, energetically, the occupied or vacant interband states are 
within range of the Fermi-Dirac distribution of the conduction and valence bands respectively 
(~0.025 eV at room temperature), then a population of free charge carriers is introduced into the 
material at thermodynamic equilibrium. If these states are beyond this energy threshold then 
further excitation is required to facilitate the same behaviour.  
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2.2.2 Conjugation in Organic Semiconductors  
 
Unlike inorganic semiconductors, for the most part organic molecules do not form crystals that 
exhibit the same extent of electronic delocalisation across the volume of the crystal. The electronic 
structure of organic molecules is determined by the interactions of a much smaller number of 
atoms, and to a great extent carbon. Carbon’s valence electrons are associated with the 2s and 2p 
AO’s. Interaction between these orbitals and those of a neighbouring atom leads to the hybridisation 
of those orbitals.24, 25 The extent of hybridisation is determined by the number of interacting 
neighbours (a number between 1 and 4). A depiction of the types of carbon centred hybrid orbitals 
(HO’s) can be seen in figure 2.4, where sp, sp2 and sp3 represent the mixing of 2, 3 and 4 AO’s, 
respectively.  
 
 
Figure 2.4: Illustration of atomic and hybrid orbitals. The valence electrons in carbon atoms occupy s and p 
orbitals. When carbon atoms are involved in bonding the number of bonding neighbours dictates the extent of 
orbital hybridisation at the carbon centre. Each hybrid orbital (bright blue) corresponds to a σ bond between 
the carbon atom and its neighbour where the electron density is predominantly situated between the atoms. 
Orbitals that are not involved in this phenomenon are free to engage in π bonding with the same partner or σ 
bonding with others. 
 
The mixing of any number of orbitals accommodates the formation of that number of σ bonds, 
where the electron density constituting the bond resides predominantly between the nuclei of the 
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bonding atoms. When a molecule is constructed with a series of carbons (or other atoms) with sp2 
hybridisation in a sequence the 2s, 2px and 2py are committed to σ bonding between the atoms 
leaving the pz orbitals free to interact independently, provided that their conformation is sufficiently 
overlapping. This interaction results in the delocalisation of the pz AO’s across all the contributing 
atoms and the formation of more stable π bonding and less stable π anti-bonding orbitals. As 
electron pairing occurs, they may occupy the more stable bonding orbital making the overall process 
energetically favourable.  This phenomenon may occur over multiple atoms leading to the formation 
of as many MO’s in a process is known as π-conjugation (figure2.5) where half the MO’s are more 
stabilised and the other half destabilised energetically.20  
 
 
Figure 2.5: Pz orbitals are free to interact separately from the other orbitals in sp
2
 hybridised systems. When 
multiple Pz orbitals are aligned they form delocalised MO’s across the interacting atoms. An array of energy 
states with bonding and antibonding characteristics are created as a result of the phases of the overlapping 
orbitals. As more atoms are added to the system the number of states increases and the band gap reduces 
resulting in a change in the electronic properties of the material. 
 
The highest energy stabilised orbital contains the electrons in their ground state and is referred to as 
the highest occupied molecular orbital (HOMO), while the lowest energy destabilised orbital is 
referred to as the lowest unoccupied molecular orbital (LUMO). This can be considered as 
Optoelectronic and Spectroscopic Characterisation of Polymer-Cadmium Sulfide Nanocomposite Solar Cells 
 
38 
 
synonymous with the upper and lower edge of the VB and CB respectively, in inorganic crystals. As 
the conjugation is extended to a greater number of atoms the relative position of the HOMO and 
LUMO converge resulting in a reduction of the energy gap between them and a change in the 
electronic properties of the system. Eventually this convergence becomes limited by the Peierls 
distortion whereby the HOMO is stabilised further through the shortening of alternate conjugating 
bonds and the resulting favourable interaction.26, 27 
 
 
2.3 Charge Transport and Transfer Processes 
 
2.3.1 Band Bending and Charge Injection  
 
Semiconductor materials are widely used in electronic applications and undergo physical changes 
when placed in contact with other materials. These changes influence the electronic behaviour 
exhibited by the semiconductor. This is best appreciated by considering the contact between a metal 
and a semiconductor. If the Fermi levels of the semiconductor and work function of the metal are 
not the same then a process of realignment occurs to equalise the Fermi levels. This is achieved by 
the migration of charges across the metal-semiconductor interface. The change in the local 
occupancy of charges leads to the formation of a dipole causing the energetics of the bands to shift 
as they approach the interface, a phenomenon known as ‘band bending’ (figure 2.6).28-30 The 
product of this band bending is the formation of a barrier to charge injection (a Schottky barrier) the 
height of which depends on the metal work function as predicted by the Schottky-Mott theory. 
However this is not sufficient to describe the interfacial interaction between a metal and 
semiconductor in some cases. The presence of electronic states on the surface of the semiconductor 
whose energies sit within the band gap may interfere with the Fermi level realignment. The 
redistribution of charge will initially occur between the metal and these surface states before charge 
flow from or to the bulk of the semiconductor occur. If the surface states are numerous enough then 
they can facilitate equilibration of the Fermi levels with the metal. In this case injection into the 
bands of the semiconductor will be dictated by the difference between the energy of these traps 
and the CB edge. This phenomenon is known as Fermi level pinning where the apparent Schottky 
barrier height is independent of the work function of the metal used.31 
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Figure 2.6: (left) The positions of the Fermi energy on a high work function metal and n-type semiconductor 
when isolated from one another. (right) Contact between the two causes the bands of the semiconductor to 
bend and the alignment of the two Fermi levels and the formation of a Schottky barrier. 
 
In order to pass a current through this system, with the application of a forward bias, enough 
potential would be required to surmount the Schottky barrier and facilitate the injection of electrons 
into the CB of the semiconductor. The application of an external electric field shifts the Fermi levels 
of the materials away from their thermodynamic equilibrium. As the Fermi level of the metal 
approaches the CB some electron transfer may occur due to a combination of processes.32-34 The 
statistical distribution of electronic energies (Fermi-Dirac distribution) results in a finite number of 
electrons existing above the CB energy (if not above the Schottky barrier edge). This allows some of 
the electrons to transfer across into available states within the semiconductor through tunnelling. 
Alternatively the barrier to injection of electrons from the CB of the semiconductor to the metal 
requires the application of a lower potential in the reverse bias. This non-linear current voltage 
relationship is an example of rectifying behaviour exhibited by a wide variety of electronic 
components collectively known as diodes. 
However, if the Schottky barrier height is too small or the system is in a regime where it is effectively 
absent then the barrier to charge injection is negligible. If there is no energetic barrier to charge 
transfer from one material to another then an Ohmic contact is established whereby symmetric and 
linear dependence of the current on an applied voltage is observed, the gradient of which gives the 
resistance of the system. The formation of Schottky barriers has been observed in systems 
incorporating both organic and inorganic semiconductors.35 Furthermore behaviour relating to 
thermionic emission and tunnelling injection mechanisms have been modelled and observed at 
metal organic junctions. 32,36 
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2.3.2 Charge Transport in Inorganic and Organic Semiconductors 
 
Once charges are present in the CB of an inorganic semiconductor they may move throughout the 
entirety of band. The current may flow according to simple diffusion mechanics whereby the current 
flowing is related to the spatial distribution of charge carriers and the diffusion coefficient of the 
material. This process is counterbalanced by the movement of charge carriers under the influence of 
an electric field. This drift current is related to a material by its conductivity. However, the 
conductivity is dependent on the concentration of carriers, itself, so is changing as a function of the 
number of species that populate the conduction band as shown in equation 2 
(Equation 2)        
where   is the conductivity,   the number of charge carriers,   the magnitude of the charge of those 
carriers and   the mobility. The mobility is defined as the intrinsic property that relates the 
population of mobile charges to the conductivity of a material and is itself dependent on a number 
of variables (equation 3). 
(Equation 3)   
  
 ⁄  
The mobility is dependent on , the effective mass of the charge carriers in the system, as well as  , 
the collision time. Both of these terms are determined intrinsically by the material and therefore 
allow facile comparison between materials. The effective mass of the hole in the VB and the electron 
in the conduction band may differ leading to significant differences in the mobilities of each. The 
collision time, can be considered as the average amount of time that can pass between ionic 
collisions, or scattering, along the path of the electron (or hole). As an electron is accelerating 
through an electric field, a scattering effect is one that will block the further movement of the 
electron along that trajectory causing it to change direction.  Contributors to the scattering process 
are many, including crystal defects and impurities, lattice vibrations and interface roughness 
effects.37-39 
In organic systems the delocalisation of electronic states occurs, partially or fully, only across 
individual molecules, as oppose to across the entire system as in inorganic semiconductors. 
Therefore charge transfer processes take place between two, relatively localised, adjacent MO’s 
leading to some significant differences in behaviour. The barrier to charge injection between two 
materials, thus depend not only on the relative energetics, but also on the spatial overlap of the 
accepting and donating MO’s. The presence of an extra charge on an organic molecule generally 
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causes a significant rearrangement of the conformation of the molecules on which they sit and its 
surroundings, due to the relatively greater localisation of that charge as compared to crystalline 
systems. Such an excited state is called an electron or hole polaron, depending on the charge in 
question, and movement of these charge through an organic semiconductor is accompanied by the 
inducement of lattice distortions. 
The relatively confined wavefunctions of the excited states and the variation in MO splitting 
between different conjugation lengths in disordered organic systems lead to a diverse array of 
HOMO and LUMO positions within the potential energy landscape. Regions of greater conjugation 
lead to local energy minima existing throughout such materials and charge transport must occur 
through a hopping mechanism from one discreet site to another.40 Thus diffusion does not 
necessarily lead to an even dispersion of charges throughout the material, but to a population of 
states dictated by the relative  positions of the HOMO’s and LUMO’s of MO’s in close proximity 
(figure 2.7). 
 
 
Figure 2.7: Charge transport between discrete sites may occur if there is an energetic driving force for the 
migration to neighbouring sites leading to charges occupying local energetic minima regardless of spatial 
distribution. These local minima may act as traps for diffusing charges as they will no longer have the potential 
to migrate further. 
 
Under the influence of an electric field the Fermi level of the system can be moved. An injection of 
electrons into the LUMO will result in the raising of the Fermi level and the filling of these trapping 
sites. Once these sites have been filled they are no longer able to limit the migration of charge 
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through the material and the flow of charges occurs relatively freely albeit with typically lower 
mobilities than their inorganic counterparts.41, 42 This is in spite of the fact that the mobilities of the 
charges within organic systems are governed by the same factors as an inorganic material (equation 
3). Crucially the collision frequency in organic materials is subject to a greater range of contributing 
factors that have the potential to hinder the movement of charge carriers.43, 44 The rate of charge 
transfer from a donor to an acceptor state is determined by the overlap between the initial and final 
wavefunctions, the extent to which the system must reorganise to accommodate the movement of 
the charge and the energetic driving force for the charge migration.20 By contrast inorganic crystals 
are less subject to problems of wavefunction overlap and reorganisation energies.45 Furthermore, 
organic materials are not generally dimensionally isotropic and the presence of disorder in 
semiconducting polymers also leads to significant region or direction dependent anisotropic 
mobilities.41, 43, 46, 47 The effects of temperature on organic semiconductors are multifaceted. In highly 
ordered materials/regions increasing temperature increases the phonon scattering like that 
observed in inorganic semiconductors.48 However, in highly disordered systems and at low charge 
densities the migration of charge relies on the statistical distribution of thermally excited states to 
escape local traps. In these regions an increase in temperature has been shown to correlate with 
increasing mobility.49  
 
 
2.4 Optoelectronic Semiconductor Behaviour 
 
2.4.1 Absorption, Excited States and Emission 
 
Photons that interact with a material may do so in two ways. They may be absorbed by a material or 
scattered potentially resulting in a change in the photons direction.20, 50 For a photon to be absorbed 
(i.e. for an electron to be promoted from a ground to an excited state) it must be of a wavelength 
that corresponds to the energy difference between two allowed states, one of which is occupied by 
an electron. A successful absorption results in an electronic transition from the lower energy to a 
higher energy state. Accessible electronic energy levels within a material are separated by a wide 
range of energy levels, however generally within inorganic semiconductors the band gap is in the 
range of 1 to 6eV.50 This corresponds to absorption of photons with wavelengths generally between 
1200 nm and 200 nm. The resultant excited state is the combination of a free electron in the CB and 
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a positive charge on the atom where the electron initially resided. An interaction takes place 
between these two charges governed by Coulomb’s law (equation 4) where 
(Equation 4)    
      
    
⁄  
  is the force enacted on two particles of charge    and    in a medium of dielectric constant    at a 
distance   from each other.    is the Coulomb constant and acts as a proportionality constant 
between the parameters. In many inorganic materials the dielectric constant is relatively large due 
to effective charge screening. The resulting Coulomb interaction between the hole and electron is 
relatively weak leading to the formation of a species called a Wannier Mott exciton. The exciton 
wavefunction extends far beyond the origin of the excitation leading to very low binding energies 
below or on the order of the Fermi-Dirac distribution at room temperature.51, 52 Such excitons are 
easily split thermally into their respective free charge carriers leaving free electrons and holes to 
populate the CB and VB respectively. 
The absorption of a photon by an organic semiconductor leads to the formation of an excited state 
that exhibits quite different behaviour. Due to the localised nature of the electronic structure the 
excitonic wavefunction does not extend far beyond the molecule on which the exciton sits. The 
dielectric constant in organic materials, although wide ranging, are generally smaller than those in 
their inorganic counterparts. This leads to a stronger coulomb attraction between the electron and 
hole resulting in a tightly bound species known as a Frenkel exciton (Figure 2.8).53  
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Figure 2.8: The Mott-Wannier exciton (blue dashed) is diffuse across multiple lattice spacings (grey circles) and 
characteristically weakly bound. By contrast the Frenkel (red dashed) exciton is very strongly bound and 
confined to a single site. Figure adapted with permission.
54
 
 
The stabilisation of the electron-hole interaction leads to the charges within the exciton existing 
energetically in a position that is offset from the HOMO and LUMO by the excitonic binding energy. 
This puts the charges in a state within the band gap at an otherwise forbidden energy. The binding 
energy in this case has been reported on the order of 1 eV, far greater than the Fermi-Dirac 
distribution (at room temperature ≈ 0.025 eV), and therefore these species are not spontaneously 
dissociated at ambient temperatures. 55 
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Figure 2.9: Absorption (Blue arrow) occurs from excitation by light (purple wavy arrow). Decay of this excited 
state may occur through a radiative process (red arrow) resulting in the emission of a photon. Alternatively, 
non-radiative decay may occur through a cascade of states traversing the band gap (green dashed arrow). 
 
Decay of these excited species back to their ground state will result in the emission of a photon or 
phonon, i.e. the loss of the excess energy as light or heat (figure 2.9). For a non-emissive decay 
process to occur the excess energy must be dissipated through the production of phonons.56 This 
can be facilitated by the presence of available states within the band gap that provide a pathway for 
electrons to go to ground state without the release of all the energy of their excited state through 
fluorescence at once.57 Excited states that are not strongly bound tend to decay less radiatively as 
the excited electron may more easily escape its hole partner and find the appropriate energetic 
features that favour energy reduction through phonon production. As a result, non-fluorescent 
decay is very common among inorganic semiconductors.  
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Figure 2.10: (top) Each electronic state, represented here by potential energy curves, has a series of associated 
vibrational levels. Excitation (blue) from the ground electronic state to the first excited state may occur into any 
of the available vibrational states. A relaxation (green) to the ground vibrational state occurs quickly before 
fluorescent decay (red) of the excited electronic state back to ground state occurs. (bottom) The corresponding 
absorption (blue) and emission (red) spectra for the electronic transitions described. Due to the processes of 
excitation into a range of vibrational states and vibrational relaxation the emission profile is a red shifted 
mirror image of the absorption. Adapted with permission.
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It is important to note that as well as electronic excitations vibrational excitations also take place. 
The energetic separation between discrete vibrational levels is much smaller than the separation of 
the electronic levels and a set exist at each electronic level. Excitation may occur from the lowest 
energy state to any of the vibrational states associated with the excited state. Subsequently, vibronic 
relaxation occurs, generally on a femto or picosecond timescale, and those excited electrons will fall 
into the lowest vibrational level of their excited electronic state.58 Finally, the electrons emit a 
photon through fluorescence and fall into the vibrational states within the electronic ground state. 
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As a result the energy emitted is often seen to be red shifted relative to the energy (lower energy) of 
the initial excitation. Figure 2.10 illustrates these processes in the context of a small molecule where 
the HOMO and LUMO levels are fixed. However, if the organic semiconductor is polymeric then a 
distribution of HOMO and LUMO levels exist throughout the material, as described previously. 
Greater conjugation and a smaller band gap are associated with greater order and a more crystalline 
packing arrangement. These regions, therefore, absorb photons of relatively lower energy while the 
absorption of the disordered regions is blue shifted. Although the precise excitonic interactions may 
be affected by the level of order, the binding energy is significant enough so that Frenkel behaviour 
still dominates.  
 
 
Figure 2.11: As the crystallinity of the polymer increases conjugation lengths increase and electronic transitions 
related to the ordered packing of polymer chains become more pronounced. Furthermore emission from higher 
energy disordered regions is diminished as excited states migrate down the potential energy gradient to the 
more ordered regions. As a result the absorption and emission profiles are red shifted. 
 
Excitons that form in the higher energy parts of the potential energy landscape are able to migrate 
to the most stable, lowest energy regions within their vicinity on a comparable time scale to that of 
their recombination. As a result there are parts of the system that contribute to the bluest parts of 
the ground state absorption but will not contribute to the emission process. As shown in figure 2.11; 
these bluer absorption features are associated with increased morphological disorder. Conversely, 
the redder absorption and emission features are associated with order and greater conjugation.59 
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The emission, therefore, is reflective of the distribution of energies present and how hindered 
exciton migration to these low energy regions is, with a greater red shift in the emission where both 
disorder and order are present.  
 
 
2.4.2 Förster and Dexter Energy Transfer 
 
The movement of neutral excited states after electronic excitation is governed by a number of 
competing mechanisms, which are illustrated in figure 2.12. Förster resonance energy transfer 
(FRET) describes the transfer of the energy of an excited donor to an acceptor through the emission 
and absorption of a ‘virtual’ photon. The transfer of the photon from one excited state to the other 
occurs when there is a dipole-dipole coupling between the states and cannot be directly observed, 
hence the term virtual. FRET is very sensitive to the distance between the donor and acceptor and 
requires a good overlap between the absorption and emission of the accepting and donating states 
respectively (these processes will be covered later in the chapter). The efficiency of FRET decays with 
a sixth power dependence on the distance, requiring extremely close proximity of the states to 
occur. 
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Figure 2.12: Illustration of FRET and Dexter mechanisms of excitation transfer. (FRET) Potential is conducted by 
the emission and absorption of a virtual photon between an accepting and donating state. (Dexter) 
Alternatively charges may hop from one state to another taking their potential with them. Adapted with 
permission.
60
 
 
An alternative energy transfer mechanism is Dexter energy transfer. In this case, excited state 
electrons directly transfer to the acceptor accompanied by the transfer of a ground state electron to 
the donor with a conservation of spin. This process requires the overlap of the donor and acceptor 
state wavefunctions and reduces in rate, exponentially, as a function of increasing distance between 
donor and acceptor. 
In systems where FRET is hindered, such as where triplet states form readily and the emission of a 
photon is a forbidden process, Dexter energy transfer is the main mechanism governing behaviour of 
these states. However, as the Dexter energy transfer process requires the overlap of the electronic 
orbitals, FRET is considered the prevailing energy transfer mechanism, particularly where singlet 
excited state migration dominates.  
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2.5 Photovoltaic Devices 
 
2.5.1 Inorganic Solar Cells 
 
If two semiconductors are placed in contact with each other, one n-doped and the other p-doped, a 
rearrangement of the distribution of charges occurs. Due to the differences in the Fermi levels of the 
two materials there is an energetic driving force for the migration of charges across the interface 
and the equilibration of the Fermi levels (figure 2.13). Electrons from the n-doped material diffuse 
through the interface into the p-type material leaving positive charges on the n-type material. The 
same process occurs with holes from the p-type material moving into the n-type. This results in a 
build-up of fixed charge in a region called the depletion region (or space charge region) and the 
generation of an electric field at the interface. 
The further diffusion of the majority carriers from their host material (electrons from an n-type, etc.) 
into the other is hindered by the repulsive effect of the electric field manifesting in the wrong 
direction. Current flow in the alternate direction is not hindered however, resulting in rectifying 
behaviour. 
 
 
Figure 2.13: The combination of n- and p-type semiconductor leads to a interfacial charge transfer and the 
equilibration of the Fermi levels. A p-n junction is created with a depletion region building up at the interface 
between the semiconductors. Charges may flow in one direction across the interface but not in the other 
leading to diode like behaviour facilitating the efficient separation of electrons and holes. 
 
When a photon is absorbed in a p-n junction, free charges are generated within the band gap of the 
absorbing semiconductor and the minority carriers move towards the depletion region by diffusion. 
At the depletion region they are acted on by the electric field and drift across the interface into the 
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other semiconductor. After traversing the depletion region the charges flow through diffusion, 
again, out of the device as a current. 
 
 
2.5.2 Excitonic Solar Cells 
 
Due to the high binding energy, the task of splitting the Frenkel exciton cannot be achieved to a 
sufficient extent by the thermal energy provided under device operating conditions. To effectively 
separate the electron from its hole partner, a thermodynamic driving force must be introduced that 
makes the dissociation process an energetically favourable one. This was found to be achievable, by 
Tang et al, by the introduction of a donor accepter system whereby a material would be introduced 
with a LUMO offset greater than the binding energy of the exciton.15 The resulting separation of the 
charges leads to the formation of electron and hole polarons that can be used to contribute to 
current generation in devices. 
Importantly, due to the short lifetime of the exciton and necessity to provide a driving force for 
charge generation, the behaviour of an organic system will be entirely dependent on the effective 
mixing of the donor and acceptor. An ideal morphology would be one that maximises the ability for 
excitons to reach the interface before they recombine and also provides a percolation pathway that 
allows the charges to migrate out of the device. In order to approach this ideal behaviour the 
concept of the bulk heterojunction (BHJ) was created (figure 2.14) whereby interfacial energy offset 
between the combined materials facilitates charge generation throughout the active layer as well as 
providing pathways for their collection.18  
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Figure 2.14: (a) A random blend photoactive materials. Excitons generated within this blend are subject to 
decay before reaching the interface to facilitate charge separation. Moreover those charges that are produced 
by the excitons may be formed on ‘islands’ within the blend effectively trapping them. (b) A structured BHJ 
formed from the same materials. All excitons are formed at a distance from the interface that allows migration 
and charge generation on a timescale comparable to the exciton lifetime. The charges formed are also able to 
migrate away from the interface through a percolating network of the host material. 
 
The short lifetime of the excitons lead to a diffusion length on the order of 1-10 nm setting the 
domain size constraints for the donor material. Once at the interface, however, it has been shown 
that the exciton dissociation process occurs on a much faster time scale than that of the 
recombination process, leading to very high charge generation efficiencies in optimised systems.61, 62 
 
 
2.6 Principles of Photovoltaic Device Function 
 
2.6.1 Electronic Processes within the Solar Cell 
 
When materials are placed in combination together they undergo a re-equilibration of their Fermi 
energies. This is realised as a movement of charge around the cell resulting in the build-up of an 
electric field within the set of materials in question. This electric field is called the internal electric 
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field or built in voltage. Thus, the equilibrium state for a solar cell containing any set of 
semiconductors, both inorganic and organic, is one of an electric field dropping across the device 
(although not necessarily evenly). Device function itself is reliant on a number of processes aside 
from this. For a solar cell to operate effectively, it must perform four tasks efficiently. These are as 
follows; 
i) The absorption of the incident photons and generation of excitons 
ii) The generation of free charges from the separation of those excitons 
iii) The movement of those charges out of the photoactive area 
iv) The collection of those charges at the correct electrode 
A diagram showing the fundamental processes within a BHJ solar is shown in figure 2.15. The first 
step is simply facilitated by the intrinsic absorption properties of the materials employed in the 
photoactive layer, which should therefore ideally be sufficiently absorbing with appropriate band 
gaps. The necessity for assisted exciton separation will depend on the nature of the exciton formed, 
as discussed previously. We will consider the case of the tightly bound Frenkel exciton. The active 
layer must contain a blend of two materials arranged in a BHJ morphology, which facilitate an 
energetically favourable pathway for exciton dissociation within the range of the exciton diffusion 
length. Provided there are clear, unobstructed pathways for the generated charges to escape the 
active layer then they may proceed to the edge of the active layer. At this interface they will need to 
transfer to the supporting material structure of the solar cell (i.e. non-active layers). For this transfer 
process to be efficient the energetic barrier to charge transfer must be minimal or the contact 
effectively Ohmic. Finally, if this layer is not the electrode itself, the charges must move through 
these non-active layers before being transferred into the metallic electrode and utilised as current. 
In order for the solar cell to maximise its efficiency these processes must dominate the electronic 
behaviour within the layers of the solar cell. Any other processes that may occur are considered 
energy loss mechanisms and therefore detrimental to overall device performance.  
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Figure 2.15: Illustration of the favourable (green arrows) and loss (red dashed arrows) processes occurring in 
the active layer of a solar cell. (i) Exciton generation from the absorption of incident photons. (ii) Free charge 
generation from the interfacial separation of those excitons. (iii) Free charge migration away from the 
photoactive area. (iv) Charge collection at the electrode. (v) Exciton decay. (vi) Geminate recombination. (vii) 
Non-geminate recombination. 
 
At each stage of photovoltaic operation there are loss processes that compete with the effective 
running of the cell. In a BHJ solar cell a many of these are generally present in the active layer. These 
are listed below; 
i) Exciton recombination after initial excitation 
ii) Geminate recombination processes 
iii) Non-geminate recombination processes 
It is possible that the exciton may not be able to migrate to an interface to facilitate dissociation, 
instead recombining resulting in the dissipation of the potential as photons and phonons. Excitons 
that do reach the interface undergo a multistep process to dissociation that involves the formation 
of a charge transfer (CT) state; a bound state with one charge either side of the interface.63, 64 The 
failure of this state to fully dissociate will result in its eventual decay to ground state. This process is 
known as geminate recombination.65 Should dissociation be achieved electron and hole polarons will 
populate the layer. The interaction between an electron and hole may result in their non-geminate 
recombination. It is also possible that the interaction of either of these charged species with an 
exciton may facilitate the decay of the exciton.66 Non-geminate recombination should be considered 
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as the bimolecular recombination processes that may occur in a solar cell and also encompasses 
collection of charges at the wrong electrodes and recombination due to external current flow.67  
 
 
Figure 2.16: The addition of electron and hole selective layers introduces an energetic barrier that blocks the 
migration of holes and electrons, respectively, to the wrong electrodes by the. 
 
If the active layer is in contact with the electrodes, then it is possible that charges of both sign can be 
collected by those electrodes. In order to overcome unfavourable collection processes some 
supporting layers can be added to the architecture. These materials are generally chosen for the 
relative positions of their contributing bands (HOMO/LUMO or VB/CB), presenting an energetically 
favourable charge transfer option to one charge carrier but a significant injection barrier to the other 
(figure 2.16). Any additional layers that are not charge selective will allow both charge carriers to 
flow through and recombine or alternatively reach the electrode. The introduction of supporting 
layers may also provide one more loss mechanism. The movement of charges through a non-Ohmic 
interface requires a change in energy of the polarons. If the transfer process is energetically 
unfavourable out of the active layer then device performance may suffer. If the process is 
favourable, then the charge carrier will emit a photon or phonon in order to adopt its new state. This 
energy which is lost cannot be regained and used to do work outside of the cell. 
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2.6.2 Interpreting Current Voltage Measurements 
 
In order to ascertain how effective a combination of materials is in operation as a solar cell, the 
universally accepted method is to apply an external electric field and monitor the change in the 
extracted current as a function the changing voltage. The resulting relationship is referred to as a J-V 
curve (current density-voltage curve). A typical J-V curve is illustrated in figure 2.17. As current 
density is employed instead of current all parameters involving the current are normalised to the 
size of the active area. 
 
 
Figure 2.17: A typical current voltage trace (black line) and associated power output (grey dashed line). The 
important parameters that infer the behaviour of the solar cells are highlighted. These can be used as markers 
to describe the performance of solar cells and assist in making comparisons between them. 
 
All PV devices are compared in terms of a series of parameters that give an indication of the 
behaviour of the solar cell. If no external field is applied to the solar cell and it is exposed to a light 
source a current will flow through the cell. This current is the current extracted under the internal 
electric field of the cell and is labelled the short circuit current (JSC). The open-circuit voltage (VOC) is 
the externally applied voltage at which no more current is observed. This gives an indication of the 
highest potential an electron can carry while also being extracted from the cell to do work. As the 
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voltage is swept from short circuit to open circuit the relationship between the current and voltage 
is non-linear. The sweeping of the voltage acts to diminish the effects of the internal field, resulting 
in a change in the relative rates of extraction and recombination leading to a gradual reduction in 
photocurrent (Jph – current generated in the cell). As open circuit is approached the barriers to 
injection are overcome and current from the external circuit begins to move through the cell in the 
opposite direction to the photocurrent. Observation of the level of photocurrent at any particular 
voltage allows the power output of the cell to be determined as well as the maximum power point 
(    ). In an ideal solar cell the photocurrent would not suffer as the voltage is increased; only being 
overcome by the introduction of the external current around the VOC. This would lead to a square 
shaped current voltage relationship. How a measured curve deviates from this ideality is quantified 
by the fill factor (FF) by providing a ratio between the      and the equivalent ideal maximum 
power (  ) (equation 5). 
(Equation 5)    
    
  
⁄    
         
       
⁄  
Calculating the efficiency of solar cell operation is done in terms of conversion of the total power of 
the incident photons (   ) into the total power of the extracted electrons (    ). This type of 
efficiency is called the power conversion efficiency (PCE or     ). This calculation is conducted at the 
Pm and is representative of the highest efficiency regime of the device (equation 6).  
(Equation 6)       
    
   
⁄   
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   is the intensity of the incident photon flux over a given area. For reasons discussed above the 
lamp simulating the solar spectrum should be as close to the accepted standard of 100 mWcm-2 and 
this value was adopted for all measurements and calculations contained within this manuscript. 
 
 
2.6.3 The Solar Spectrum and Shockley Queisser Limit 
 
The energy from the sun that bombards the earth comes in the form of a photon flux with a wide 
distribution of energies (and wavelengths). Some of those photons are absorbed and scattered by 
the upper regions of the atmosphere resulting in a distinctive spectrum corresponding to those 
photons that reach the ground. For the purposes of consistency in measuring solar cells across the 
world, simulation of the sun’s intensity is made by considering the distance through the atmosphere 
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the photon flux must travel and the related damping effects. The air mass coefficient (AM#) gives an 
indication of how far the radiation must travel, as a ratio relative to the shortest possible distance 
(i.e. directly vertical). The coefficient commonly used when investigating the performance of solar 
cells is called AM1.5 (1.5x the height of the atmosphere) and corresponds to the spectrum of the 
incident light after passing through this depth of atmosphere, normalised to an intensity of 
100mWcm-2. This intensity is casually referred to as 1 sun, i.e. 1 times the intensity of the suns flux, 
and acts to standardise the simulation of the sun intensity for measurement. The AM1.5 spectrum 
can be seen in figure 2.18. 
 
 
Figure 2.18: Solar irradiance before passing through the atmosphere (grey) and at the surface of the earth 
after passing through at a depth equivalent to AM1.5 (black). 
 
As was described earlier, for a material to absorb a photon the energy of that photon must 
correspond to the energy of a possible transition as dictated by that materials electronic band gap. 
The distribution of photons in the solar flux is greater at longer wavelengths meaning that in order 
to absorb the majority of the suns photons a low band gap is required. Also as described previously, 
the efficiency of a solar cell is given by the proportion of extracted over incident power. Photons 
with energies greater than the electronic band gap that are absorbed will lose their excess energy 
through relaxation processes and therefore not contribute that excess to the power output of the 
cell. A careful balance of increasing the current of the solar cell and increasing the potential of each 
electron must be made through positioning of the band gap. Shockley and Queisser calculated a 
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theoretical limit on the efficiency of single p-n junction solar cells as a function of their electronic 
band gap. A number of other fundamental processes were considered, such as black body radiation 
resulting in low energy dissipation from the cell and radiative recombination of free charge carriers 
that lead to a theoretical efficiency limit of ~33%  for a system with a band gap of ~1.3eV.68 
This provided a framework for indicating how much improvement may be possible in the 
performance of a single junction solar cell utilising a particular set of materials. However, much work 
has been conducted developing methodologies to overcome this theoretical limit; for instance, 
through the use of ‘hot carriers’ facilitating their extraction before the relaxation process takes place 
or through multiple exciton generation for each absorbed photon.69-72 This limit has also been 
circumvented experimentally by the use of tandem cells, which effectively compound the potentials 
of absorbed photons of different energies, although a separate theoretical limit of 68% (for an 
infinite stack with unconcentrated sunlight) applies to them.73 
 
 
2.6.4 Shunt and Series Resistance Effects 
 
The behaviour of a solar cell is governed not only by the electronic processes already discussed, but 
also by other factors both inside and connected to the solar cell. These effects are, for the most part, 
easiest to explain with the aid of a circuit diagram (figure 2.19). If the solar cell is considered as a 
current source connected in series with a diode, then one can add two resistors of resistance RS and 
RSH, in series and parallel to the current source respectively to simulate the resistances within the 
solar cell. The solar cell must also be connected to a load, with resistance RL, in an electrical circuit in 
order for it to do work. The series resistance (RS) is representative of the resistance felt by charges 
moving through the solar cell to the electrodes to do work. This is the combination of all the 
individual material resistances and the resistances due to interfacial barrier contributions. The shunt 
resistance (RSH) is a resistance to alternative pathways that are available for the charges to travel 
through the cell that do not result in the extraction of charge and bypass the diode. 
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Figure 2.19: A solar cell may be represented in a circuit diagram as a parallel current source, diode and resistor 
all in series with another resistor. The parallel resistor represents the shunt within the cell. A higher shunt 
resistance maintains the integrity of the diode ensuring current travels in the right direction. The resistor in 
series represents the series resistance of the cell. A lower series resistance reduces the voltage lost as current 
exits the cell so that more potential can be used to drive current through a load, represented by the detached 
resistor. 
 
If one is reminded of Ohm’s Law in its simplest form (V = IR) then a linear relationship can be 
expected between the current and voltage, with the slope dependent on the resistance. The 
resistance effects on the J-V curves are illustrated below (figure 2.20). Series resistance effects are 
dependent on the internal field and therefore are not visible at VOC, but originate from that point. If 
the series resistance is negligible, as is favourable, then the diode behaviour dominates the shape of 
the J-V curve. However, if the series resistance is raised sufficiently it will begin to influence the 
current voltage relationship. The most resistive regime tends to set the limit on the current that can 
flow under any given voltage in a system. Eventually the series resistance becomes greater than the 
diode barrier effect cutting into the original J-V curve reducing the FF of the device.  Further increase 
in the series resistance will begin to limit even the extractible current at short circuit as the internal 
field becomes insufficient to move all the generated charges out of the cell forcing them to 
recombine instead. 
The application of an external load can be considered to have a similar effect. Depending on the 
comparative resistances of the load and the solar cell the electric field will drop accordingly to 
facilitate Kirchhoff’s current law. As such, the strength of the internal field in the solar cell will drop 
as it is distributed over the load. This may reduce the current output of the solar cell if the extraction 
has been shown to be particularly susceptible to the voltage (low FF). If the load level is not chosen 
appropriately then the solar cell will also not be operating at its     . Very high load resistances 
result in the majority of the electric field dropping across the load resulting in the charges being 
unable to leave the solar cell due to insufficient extraction potential. 
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Figure 2.20: The effects of changing (a) series resistance and (b) shunt resistance on a typical J-V curve. As the 
resistances change the parameters become limiting on the shape of the J-V curve and detrimental to device 
performance. 
 
In an ideal solar cell the J-V relationship will be heavily governed by the diode. Diodes act to limit 
current flow in one direction while allowing it in the other. In reverse bias (i.e. the application of a 
voltage that encourages current flow in the ‘negative’ direction) no current should flow due to an 
effectively infinite resistance. In forward bias the onset of current flow should be instant and 
increase exponentially with increasing voltage. In a solar cell the current generated as a result of 
illumination flows in the reverse direction with magnitude Jph in spite of the diode behaviour. In an 
ideal case, therefore, the current should appear flat at reverse bias (due to the sole contribution of 
Jph) and gradually approach naught in forward bias as the diode allows current in the forward 
direction of increasing magnitude. In reality shunt effects can undermine this ideal behaviour. The 
shunt resistance is a bypass for the diode and it is therefore dependent on the externally applied 
electric field and operates independently of the diode. Thus at JSC its effects should not be 
observable but will influence behaviour either side of it. If the shunt resistance is very high, then it 
has a negligible effect on the J-V curve. As the resistance is lowered, the current is increased in 
reverse bias and suppressed in the forward bias. This suppression is effectively the introduction of 
charges from the external circuit bypassing the diode and flowing in the opposite direction of the 
photocurrent. As the resistance is lowered further, greater numbers of charges may flow into the 
solar cell and dominate the behaviour of the device. Eventually the VOC will be dictated by the slope 
provided by RSH at very low resistances. 
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2.7 Nanoparticles and Hybrid Solar Cells 
 
2.7.1 Quantum Effects on Nano-Sized Particles 
 
A nanoparticle is defined as a particle of any shape where its dimensions are on the order of 1x10-9 
to 1x10-7 m. At these length scales the bulk properties of a material begin to give way to the novel 
properties associated with a dominance of the surface electronic states. The continual size reduction 
eventually leads to a phenomenon known as quantum confinement, which was first reported by 
Ekimov and Onushchenko in 1981.74 In the bulk of a semiconductor material the MO’s extend 
throughout the crystal and over a greater distance than the electron wavefunction. As the length 
scale is reduced to a distance scale on the order of the electron wavefunction, typically 10’s of 
nanometres, the continuous MO bands become discreet energy levels with a wider separation than 
in the bulk. As the particle becomes smaller than the electron wavefunction then the position of the 
energy levels becomes particularly dependent on the size of the nanoparticle. As a result the relative 
positions of the VB and CB edges diverge as the particles get smaller instigating a change in the 
optical band gap and the electronic properties of the material. This confinement may occur in one, 
two or all three spatial dimensions, resulting in nanoparticles termed quantum wells, quantum 
wires, or quantum dots (QDs) respectively. 
 
 
2.7.2 Hybrid Solar Cells and Recent Advances in Literature 
 
The work conducted by Sariciftci, Yu, and others set the stage for significant further development of 
OPV technologies.15, 17, 18 Much focus has been on the development of polymeric donors whose 
function it has been to facilitate light absorption, electron transfer and hole extraction.75 As an 
accompanying acceptor PCBM and its derivatives have been the molecules of choice, in part for ease 
of comparison within the literature, but also because of the effectiveness with which they facilitates 
charge generation.76, 77 However, many fullerene acceptors are weakly absorbing and some have 
been shown to detrimentally affect active layer recombination dynamics.78 By comparison, work on 
other organic acceptors has not yielded the same success in achieving comparable device 
efficiencies.79-81 Alternative design strategies have been sought, notably, some including inorganic 
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nanostructured components while maintaining the potential for low cost scalable fabrication. 
DSSC’s, which incorporated a nanostructured TiO2 layer to maximise the useful surface area, was 
one such example.8 Inorganic compounds were also incorporated into bulk heterojunction designs as 
a direct replacement for fullerene acceptors; designs that will be termed from here on hybrid 
photovoltaics (HPV).  
At the time of their initial inclusion in OPV the organic materials being used suffered from poor 
absorption at the wavelengths where the solar flux is most abundant. It was believed that inorganic 
nanostructures possessed a number of benefits over these organic materials. Firstly, the dielectric 
constant of these materials is typically significantly higher than those in organic materials leading to 
weaker interactions between charges (as discussed previously) and potentially a more facile 
dissociation process. Inorganic nanocrystals also offered the potential for control of the band gap 
and absorption towards the infrared part of the solar spectrum, a region that was not easily 
accessible using solely organic materials.82 The sharing of the light harvesting role between both 
components of the active layer would enable a broader absorption of the incident light. Furthermore 
the observation of multiple exciton generation within some nanoparticles was thought to be useful 
for the enhancement of current generation from high energy photons that would otherwise go 
unutilised.70 Poor reported mobilities in organic materials could also be overcome as those in 
inorganic materials are well known to be characteristically higher.41, 83 Therefore, provided that 
percolation between nanoparticles is sufficient the superior charge transport of these materials 
could be exploited leading to much more efficient devices.84 The prospect of utilising the advantages 
of inorganic materials electronic properties as a way of improving photovoltaic performance has 
encouraged research into a wide range of materials. As a result, work on hybrid blends and their 
underlying photophysics has been conducted into many nanostructured materials such as PbS85-87, 
PbSe88, ZnO89-91, TiO2
92, 93, CuInS2
94, CdTe95, and Si96, 97, for example. However, CdS and CdSe have 
been studied most extensively.98 
Size control and therefore control of the band gap of nanoparticles during synthesis is achieved by 
the application of compounds that quench the growth process by adsorbing to the surface of the 
nanoparticles.99-101 The compounds employed in this role are most commonly large surfactant 
molecules. As such they do not exhibit conjugation and act as a barrier to charge transfer between 
the nanoparticles and complementary organic components. In 1996-7, Greenham et al 
demonstrated that charge transfer from a polymer (MEH-PPV) to CdS and CdSe QDs could be 
improved through a ligand exchange from the large insulating surfactant, trioctylphosphine oxide 
(TOPO), to a less bulky pyridine capping ligand.102, 103 This work demonstrated the viability of 
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nanoparticles as electron acceptors in solar cell active layers and the importance of ligand choice in 
determining the behaviour of the system. Subsequently, lots of work was conducted exploring 
alternative capping agents with the aim of minimising the interfacial barrier to charge transfer. The 
use of amines104, thiols105, oleates87, 88, and a number of conjugated oligomeric and polymeric 
molecules106-108 have also been reported in the literature. Importantly, although the presence of 
capping agents may act to inhibit the charge transfer process, they facilitate the effective dispersion 
of the nanoparticles in solution and throughout the organic matrix in which they are employed. Total 
removal of these capping agents from pre-synthesised nanoparticles poses significant processing 
challenges as their solubility is poor and there is an increased tendency for nanoparticle aggregation 
leading to suboptimal film morphologies and low nanoparticle content in the active layer. One 
approach which was undertaken to overcome these challenges was the use of chemically removable 
or thermally cleavable ligands.109, 110 Nanoparticles were effectively processed with these ligands and 
once the dispersed within the polymer matrix the ligands were either completely removed or 
reduced in size. In the case of Zhou et al, who used an acid treatable ligand, a 2% PCE solar cell 
incorporating CdSe and poly(3-hexylthiophene-2,5-diyl) (P3HT) was reported effectively validating 
the strategy.110 An alternate approach was the use of a ‘one pot’ synthesis whereby nanoparticle 
formation in solution was conducted in the presence of the organic counterpart which would then 
act as the capping agent.111-114  
As discussed previously, the importance of a facile charge transfer process cannot be understated; 
however, charge transport also plays a significant role in determining the efficiency of solar cells. 
Measurements and calculations conducted by Ginger et al have shown a drastic reduction in the 
mobility of CdSe nanoparticles relative to their bulk values.115, 116 By contrast the intra-nanoparticle 
charge transport has been shown to be very fast.117-119 This has led to the understanding that the 
limitations here are as a result of a slow rate of hopping between nanoparticles. The effective 
mobility could be increased simply by minimising the number of inter-particle jumps that must be 
made by any migrating charge, which could be facilitated with the use of longer nanoparticles. This 
became possible when, in 2000, Peng et al demonstrated a route to the control of nanoparticle 
shape opening up the way for non-spherical quantum confined materials to be explored.101 Solar 
cells incorporating high aspect ratio nanorods, tetrapods or hyperbranched nanoparticles were 
fabricated by a number of groups substantiating the constructive relationship between charge 
transport and device performance.120 Synthesis of these nanoparticles, however, still requires the 
use of capping agents and they are therefore susceptible to the same charge transfer problems. It 
was thought that these issues could all be overcome by the use of nanostructured arrays pre-
patterned onto a substrate followed by the deposition of the organic component. In this way the 
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interface between the active materials could be maximised and kept free of hindrance due to the 
presence of ligands and also the effects of inter-particle hopping on the transport properties of the 
nanostructure diminished. A variety of inorganic scaffold structures were fabricated and employed 
giving some promising results.121-123 However the processing of such structures can be convoluted 
and they often suffer from difficulties in complete filling of the gaps within the pores of the scaffold 
by the organic component.124, 125  
 
 
2.7.3 In-situ Approach in Hybrid Solar Cells 
 
The key challenges facing hybrid solar cells have been to produce a nanostructured percolating 
inorganic network with an intimate contact with the organic counterpart material along a large 
surface area. Additionally, this must be achieved through a simple process without the use of 
capping agents that inhibit the charge generation process. In spite of the great effort exerted to 
provide a solution this challenge many approaches suffered from one or more of these pitfalls. One 
approach to HPV fabrication that has the potential to circumvent these challenges is the in-situ 
formation of an inorganic structure within a polymer film. This was first demonstrated by van Hal et 
al in 2003 where they synthesised an interconnected network of TiO2 inside poly[2-methoxy-5-(3′,7′-
dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) as a way of overcoming the poor pore filling 
seen in many array structures.126 This was achieved by blending a titanium isopropoxide precursor 
with MDMO-PPV, depositing a film, and subjecting it to hydrolysis in air resulting in the formation of 
TiO2 throughout the film. Comparison between PL of the polymer with films containing the TiO2 
showed a high level of quenching was achieved however devices exhibited a poor overall 
performance. This was attributed to the hindering of current extraction due to the amorphous 
nature of the TiO2, the crystallisation of which would require temperatures potentially damaging to 
the polymer.  
Other work was conducted by Oosterhout et al in 2009 fabricating cells containing a blend of ZnO 
and P3HT.127 They added diethyl zinc to a P3HT in solution and deposited films of the mixture, 
exposing those films to high humidity and a subsequent annealing step. The resulting film was an 
interpenetrating network of ZnO and P3HT that achieved a PCE of 2 %. Subsequently they 
demonstrated that the morphology could be controlled to some extent by altering the length of the 
alkyl chain on the zinc organometallic precursor.128 
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The in-situ methodology was adopted by the Haque Group at Imperial College London where it was 
thought possible to create a process that facilitated the formation of the desired hybrid network 
from a single source precursor. This was achieved with the use of the xanthate functional group by 
Leventis et al, to grow nanostructured CdS in a P3HT matrix.129 The mechanism for xanthate 
decomposition was first proposed by Lev Aleksandrovich Chugaev  (also spelt Tschugaeff or 
Tschugaev) in 1900.130 Xanthate decomposition was proposed to be initiated by the transfer of a β-
hydrogen atom, sitting on the alkyl chain, to the adjacent sulfur atom (figure 2.21). This 
rearrangement results in the break-up of the xanthate molecule and formation of an alkene and an 
unstable intermediate that further decomposes to a thiol and carbonyl sulfide. More recently, 
interest has been increasing in the use of xanthate (and similar functional groups) decomposition as 
a route to metal chalcogenide nanoparticle formation as pioneered by Trindade et al.131 A ‘Chugaev 
like’ mechanism for the formation of cadmium sulfide formation from a cadium ethylxanthate 
precursor was proposed in 2003 by Pradhan et al.132 In similarity to the Chugaev mechanism, the 
decomposition is facilitated by a shift of 3 electron pairs around the xanthate functional group 
beginning with the abstraction of a β-hydrogen (figure 2.21). This results in the formation of various 
volatile side products and the desired metal sulfide. Leventis employed the O-ethylxanthate of 
cadmium, which were highly soluble in chlorobenzene in the presence of pyridine. Solutions were 
made in combination with P3HT deposited onto substrates before being subjected to an annealing 
step to facilitate the decomposition process in the solid state under nitrogen. 
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Figure 2.21: Chugaev mechanism for the decomposition of xanthates and the thermally activated Chugaev like 
mechanism for the decomposition of the cadmium xanthate precursor used in this work. Decomposition via this 
mechanism in a P3HT matrix leads to the formation of cadmium sulfide and volatile side products. 
 
Without significant optimisation a device, fabricated with an efficiency of 0.7 % at 1 sun, was 
reported.129 This work was a proof of concept on the use of single source precursors to effectively 
overcome the problems stated previously, and has resulted in the onset of significant other work, 
only some of which will be presented in this thesis.133-135 It should be noted that, subsequently, 
research has also been on-going into hybrid fabrication strategies employing xanthates for the 
formation of other sulfide materials such as Sb2S3 and CuInS2 with promising results.
136, 137 
 
 
2.8 Project Aims and Thesis Layout 
 
With the information given in this chapter the reader is now in a better position to understand the 
context in which the following work has been conducted and the aims of the project. The aims of 
any solar research, or indeed any alternative energy project, is to further the progress that is made 
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facilitating the adoption of these technologies to alleviate our use and dependence on energy 
generation methods that are detrimental to the planet and our long term survival on it (such as fossil 
fuels). Any individual project does not necessarily aim to solve all the problems facing its field, but 
looks to make progress through demonstration of improvements in design concepts or fundamental 
understanding of processes. Results are presented in the literature or in discussion to inform the 
wider scientific community such that they may learn and apply this improved understanding to 
further progress in their respective projects and the field. 
The work conducted by Leventis provided a route to overcoming the problems of generating a 
favourable morphology without the use of capping agents. Although the use of xanthates displayed 
a potential for use I this regards, efficiencies of 0.7% are not sufficient for utilisation commercially or 
otherwise. The aims of this project are, therefore, to undertake an investigation of the design of the 
solar cell employing these materials and this strategy. After such an investigation has been 
conducted it becomes easier to determine the potential of this methodology for use in solar cell 
fabrication. Further to this, the limitations on further improvement must be identified and studied as 
well as the long term stability of this system. 
In chapter 4 investigation of the role of the non-active device architecture is undertaken. Firstly the 
materials involved in the electron extraction process are scrutinised, followed by those responsible 
for hole extraction. Various processing and the introduction of new materials and layers are 
conducted in order to ascertain the optimum combination to support the effective operation of the 
active layer. Chapter 5 focuses on the optimisation of the active layer following the adoption of the 
optimum device architecture. Investigation into the effects of changing composition and processing 
conditions are made on the behaviour of devices and the potential for further improvement of the 
CdS/P3HT system is established. 
In chapter 6, the relationship between morphology and the photophysical properties of CdS/P3HT 
blends is subjected to a comprehensive spectroscopic investigation. Altering the morphology of the 
blends is achieved through a change in the composition ratio of the samples and confirmed by TEM. 
Transient and steady state absorption techniques as well as photoluminescence are used to monitor 
the behaviour of excited states and identify the drawbacks of the CdS/P3HT combination. 
Chapter 7 illustrates the environmental stability of typical CdS/P3HT devices. Devices and films are 
subjected to inert and ambient conditions both in the light and dark and the change in performance 
and transient absorption monitored over time. Furthermore a comparison is made between the 
stability of CdS/P3HT systems with their fully organic P3HT/PCBM counterparts. These are subjected 
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to oxygen and water separately in order to shed light on the mechanism of degradation in both 
systems. 
This information will form the basis for work conducted on other xanthate to sulfide employing in-
situ hybrid systems. A greater understanding of the limitations will indicate the focus of future work 
and design strategies that should be adopted or avoided. 
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Chapter 3: 
Experimental Methods 
 
 
The materials and fabrication strategies employed in the preparation of samples throughout this 
thesis are presented in this chapter. A description of a typical sample fabrication methodology is also 
given. Moreover, an outline of the techniques utilised for the characterisation of these samples is 
conveyed. 
 
 
3.1 Processing Techniques and Materials 
 
3.1.1 Spray Pyrolysis 
 
Spray pyrolysis has been used extensively as a technique for the fabrication of dense inorganic thin 
films and a good overview of the process can be found here.1 In this work spray pyrolysis was used 
exclusively for the creation of metal oxide films. Substrates were placed on a hotplate and the 
appropriate areas masked with thin glass slides. A dissolved organometallic precursor compound 
was pushed through a spray atomiser with an inert carrier gas (nitrogen) to create a mist (figure 3.1). 
This mist was directed over the substrates heated to 450 oC to facilitate the evaporation of the 
solvent and deposition of the precursor on the substrates.  
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Figure 3.1: Illustration of the spray pyrolysis setup used in this work. A solenoid pinch valve was used to 
regulate the flow of nitrogen into the spray atomiser. When the nitrogen was allowed to flow a spray mist 
containing the organometallic precursor was directed over a heated substrate to facilitate metal oxide thin film 
formation. 
 
The high temperatures then led to the decomposition of the organometallic compound into an 
oxide. In order to maintain the temperature of the hotplate throughout the deposition process an 
automated solenoid pinch valve was utilised to control the flow of nitrogen through the atomiser. A 
1 second burst of nitrogen was allowed to flow through the apparatus every 10 seconds enabling the 
temperature of the hotplate to recover between bursts. Furthermore, the nozzle of the spray 
atomiser was set at an angle of ~40o from the horizontal and ~26 cm away from the substrates. 
Control of the thickness of the deposited films was achieved by subjecting the substrate to more or 
fewer bursts of the spray mist. Subsequently films were placed in an oven at 450 oC for 1 hour to 
ensure complete decomposition of the precursor. 
Materials deposited by spray pyrolysis in this thesis are given below with their corresponding 
recipes. 
 Aluminium Oxide (Al2O3); 32.5 mgml
-1 aluminium acetylacetonate, N,N-dimethylformamide. 
 Iron Oxide (Fe2O3); 17.5 mgml
-1 iron acetylacetonate in ethanol.  
 Titanium Dioxide (TiO2); 35 mgml
-1 titanium isopropoxide and 25 mgml-1 pentane-2,4-dione 
in ethanol.  
 Vanadium Pentoxide (V2O5); 17.5 mgml
-1 vanadyl acetylacetonate in ethanol.  
 Zinc Oxide (ZnO); 22 mgml-1 zinc acetate and (a drop) acetic acid in (2:3) water/isopropanol. 
 Zirconium Dioxide (ZrO2); 32 mgml
-1 zirconium acetylacetonate in N,N-dimethylformamide 
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3.1.2 Spin Coating 
 
Film deposition via spin coating involves the spreading of a solute or melt over a substrate and the 
spinning of that substrate (figure 3.2). The dynamics of these systems has been studied both 
mathematically and experimentally in the literature.2, 3 In this work all materials utilised were spun 
from solution using a Laurell (WS-650M2-23NPP) spin coater. For the deposition of metal oxides, 
organometallic precursors in a solubilising solvent were used. Other organometallic compounds and 
polymeric compounds, also dissolved in appropriate solvents were used for deposition of other 
material layers. After deposition the solutions were mostly flung from the substrate. The solution 
that was left evaporated leaving a thin film containing all the materials dissolved in the solution. If 
required these films were then subjected to an annealing step. 
 
 
Figure 3.2: Illustration of steps in the spin coating process. (from left to right) A solution containing the 
functional material is deposited on the substrate. The substrate is then spun throwing much of the material off. 
During spinning the remainder of the solution is evaporated leaving a thin film of the solute. 
 
The thickness of films produced from this technique was controlled in a variety of ways due to the 
influence of a number of factors. These are primarily the influences of the solution’s initial viscosity 
(and therefore solute concentration), solvent evaporation rate and substrate spin speed.3 In this 
work, primarily solution concentration and spin speed were varied leading to changes in film 
thickness. The wettability of the substrate to the solution is also important as poor contact will only 
lead to the solution being jettisoned from the substrate resulting in incomplete coverage of the 
substrate. Furthermore the presence of particulate or protrusions on the surface of a substrate will 
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encourage deformities or holes in the deposited film. Therefore, care was taken to inspect each film 
for consistency and coverage issues. 
 Materials deposited by spin coating in this thesis are given below with their corresponding recipes. 
 Cadmium Sulfide (CdS); 50 mgml-1 cadmium O-ethyldithiocarbonate in chlorobenzene for 
CdS films. 400 mgml-1 cadmium O-ethyldithiocarbonate or 387 mgml-1 cadmium 
O-2,2-dimethylpentan-3-dithiocarbonate in chlorobenzene mixed in combination with P3HT. 
 Molybdenum Trioxide (MoO3/MoOX);  65 mgml
-1 molybdenyl acetylacetonate in (1:99) 
pentane-2,4-dione/acetonitrile. 
 Nickel Oxide (NiO/NiOX); 130 mgml
-1 nickel acetate tetrahydrate and 30 µlml-1 ethanolamine 
in 2-methoxyethanol. 
 Niobium Pentoxide (Nb2O5); 120 µlml
-1 niobium ethoxide in 2-methoxyethanol. 
 Poly(3-hexylthiophene-2,5-diyl) (P3HT); 12.5 mgml-1 in chlorobenzene for P3HT films. 
25 mgml-1 in chlorobenzene mixed in combination with CdS precursors. 
 Poly(ethylenedioxythiophene) : Poly(styrenesulfonic acid) (PEDOT:PSS); PEDOT:PSS 
(aqueous solution) and (0.2 % vol) zonyl. 
 Poly(styrene) (PS); 25 mgml-1 in chlorobenzene in combination with CdS precursors. 
 Tin Dioxide (SnO2); 50 µlml
-1 tin acetylacetonate in 2-methoxyethanol. 
 Titanium Dioxide (TiO2); 70 µlml
-1 titanium isopropoxide and 55 µlml-1 ethanolamine in 
2-methoxyethanol. 
 Tungsten Trioxide (WO3/WOX); 31 mgml
-1 ammonium paratungstate, (a drop) 2M 
hydrochloric acid and (1 % vol) zonyl in water.  
 Vanadium Pentoxide (V2O5/VOX); 130 mgml
-1 vanadyl acetylacetonate and30 µlml-1 
ethanolamine in 2-methoxyethanol. 
 
 
3.1.3 Evaporation 
 
Some materials utilised as thin films were not easily solution processed due to poor solubility in 
appropriate solvents. Instead, these materials, such as the metals used as electrodes, were 
evaporated onto substrates in a ahigh vacuum environment. Evaporation was conducted inside a 
custom made Kurt J. Lesker evaporator kept in a nitrogen atmosphere(0.1 ppm O2). Samples were 
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placed in a mask for patterning of the electrode, which was itself placed at the top of the evaporator 
in a rotating platform. The materials to be evaporated were placed in a crucible and the chamber 
pressure reduced to below 5·10-6 mbar. The materials were then thermally evaporated on to the 
substrates as they rotated above until the desired thickness was achieved. 
Materials evaporated in this thesis are given below. 
 Molybdenum Trioxide (MoO3); from powder (Aldrich). 
 Gold (Au); from wire (Goodfellow). 
 Silver (Ag); from pellets (Kurt. J. Lesker). 
 Aluminium (Al); from pellets (Kurt. J. Lesker). 
 
 
3.1.4 Further Information 
 
The exact properties of some materials (particularly polymeric compounds) are notoriously subject 
to their synthesis conditions and therefore further information deemed relevant. P3HT was obtained 
commercially from Merck (batch SP001). Cadmium sulfide (CdS) was made from the decomposition 
of cadmium xanthate precursors within a P3HT matrix. Cadmium O-ethyldithiocarbonate was 
obtained through collaboration with the University of Bath and synthesised within the group at 
Imperial College London by Dr. T. Lutz and A. MacLachlan. Cadmium O-2,2-dimethylpentan-3-
dithiocarbonate was provided by collaborators at the Graz University of Technology. PEDOT:PSS (AI 
4083) was obtained from commercially from Ossila. 
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3.2 Sample Preparation 
 
3.2.1 Substrate Cleaning 
 
Glass films for spectroscopy: First they were rinsed with acetone before being submerged in fresh 
acetone and sonicated for 10 minutes. This was followed by a rinse with and then sonication for 10 
minutes in isopropanol. Afterwards the substrates were moved to fresh isopropanol to await use. 
Substrates for devices: Indium doped tin oxide (ITO) substrates (Psiotec Ltd) were used to act as the 
base and transparent cathode in devices. These substrates came with a photoresist polymeric 
coating when purchased. Due to this coating, the cleaning process was more involved. Initially 
substrates were rinsed and sonicated for 10 minutes with acetone. This was then followed by a rinse 
with deionised (DI) water and sonication in a DI water and detergent (Teepol L or Decon 90) mixture. 
The rinse-sonication process was repeated with DI water followed by acetone and finally 
isopropanol. Like with glass the substrates were also transferred to fresh isopropanol before use. 
 
 
3.2.2 Preparation of Films for Spectroscopy 
 
Spectroscopic investigations were conducted on single layers. Clean glass substrates submerged in 
isopropanol were blow dried with a nitrogen gun. Solutions were prepared of the materials of 
interest in the appropriate solvent. These were then deposited and spun on the glass substrate at a 
spin rate of 500-4000 rpm. This was followed by an annealing step if required. For example; a 12.5 
mgml-1 solution of P3HT in chlorobenzene were prepared and deposited via spin coating at 1000 
rpm. The resultant film was annealed under nitrogen at 160 oC for 1 hour. 
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3.2.3 Fabrication of Solar Cells 
 
Solar cell layers were deposited sequentially in the order; electron selective layer, active layer, hole 
selective layer and then counter electrode. Clean ITO substrates submerged in isopropanol were 
blow dried with a nitrogen gun before use. The electron selective layer was deposited either by spin 
coating or spray pyrolysis. If deposition was to be done via spray pyrolysis the substrate was placed 
on a hotplate and masked at the edge so that some ITO would be kept bare. If spin coating was to be 
used then the substrate was placed directly in the spin coater. A prepared solution was then 
deposited in the desired fashion before the substrates were removed and placed in an oven at 
450 oC. After removing the substrates from the oven they were left to cool before being submerged 
and sonicated in acetone and then isopropanol. The substrates were dried with nitrogen and an 
active layer deposited via spin coating. The films were moved into a nitrogen atmosphere and 
annealed for 1 hour at 160 oC, after which they were placed on a cool surface. The hole selective 
layer was always deposited on this via spin coating, with the exception of MoO3 which was also 
evaporated. The substrates were then immediately taken to an evaporator and placed under high 
vacuum. Once a sufficient pressure was achieved electrode evaporation as conducted. 
The exact recipe for a ‘typical’ CdS/P3HT solar cell is given below: 
A solution of titanium isopropoxide (70 µl) and ethanolamine (55 µl) in 1 ml of 2-methoxyethanol 
was prepared and filtered using 0.2 µm poly(tetrafluoroethylene) (PTFE) filters. Clean ITO substrates 
were placed, one at a time, in a spin coater and 20 µl of this solution was deposited on them. These 
substrates were then spun at 4000 rpm for 30 seconds and inspected visually for deformities. A 
clean scalpel was used to scratch away the precursor film where the ITO electrode was intended to 
be exposed and then the samples were placed in an oven at 450 oC. After 1 hour the samples were 
placed on a heat resistant mat and allowed to cool. Subsequently the films were placed in acetone 
and then isopropanol being sonicated in each for 10 minutes. During sonication a solution of 
cadmium xanthate (50 mg) in 1 ml of chlorobenzene was prepared and filtered using 0.2 µm PTFE 
filters. Substrates were taken out of the sonicator, dried with nitrogen and placed back in the spin 
coater. 20 µl of the cadmium xanthate solution was placed on the substrate and spun at 4000 rpm 
for 30 seconds. After deposition the films were inspected again and the ITO electrode wiped clean 
with a dichloromethane (DCM) soaked cotton swab before being transferred to a nitrogen 
environment and annealed at 160 oC for 1 hour. After annealing the samples were immediately 
placed on a cool surface. 
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Figure 3.3: Layers of the ‘typical’ CdS/P3HT solar cell employed throughout this thesis. The device area was 
taken as the overlap between the ITO and Au electrodes (~0.045 cm
-2
). 
 
Separate solutions of P3HT (25 mgml-1) and cadmium xanthate (400 mgml-1) in 1 ml of 
chlorobenzene were made and filtered with 0.2 µm PTFE filters. These were mixed in equal volume 
and diluted further with chlorobenzene to make a final solution concentration of ~160 mgml-1. This 
mixed solution was stirred for in excess of 20 minutes. TiO2 and CdS covered substrates were blown 
with nitrogen to remove loose particulate that may have settled on the surface before being placed 
in the spin coater. The spin coater was then set to run at 1000 rpm for 30 seconds and during 
rotation 20 µl of the active layer solution was firmly deposited in the centre of the substrate. After 
inspection of the films and cleaning of the ITO electrode with a DCM soaked cotton swab the 
samples were transferred back to the nitrogen environment and annealed for a further hour at 
160 oC. The samples were placed on a cool surface immediately after annealing. 
20 µl of zonyl was added to 10 ml of an aqueous solution of PEDOT:PSS and stirred vigorously for at 
least 15 minutes. The samples were removed from the nitrogen environment and blown with 
nitrogen to remove any particulate that may have settled on the surface. Then after being placed in 
the spin coater again 50 µl of the PEDOT:PSS solution was carefully spread over the active layer. The 
solution was spun at 4000 rpm for 30 seconds and the ITO electrode cleaned with a cotton swab wet 
with DI water. The devices were then taken to an evaporator and placed in a mask with six 
rectangular holes along with a source of Au (or other appropriate electrode material). The pressure 
was lowered to a high vacuum (<5·10-7 mbar) and 100 nm of Au was evaporated through the mask 
onto the samples. Finally after being removed from the evaporator silver conductive paint (56 % Ag 
in butyl acetate) was applied to all the electrodes in order to improve contact with the measurement 
Optoelectronic and Spectroscopic Characterisation of Polymer-Cadmium Sulfide Nanocomposite Solar Cells 
 
83 
 
apparatus. The overlap between the ITO and Au (~0.045 cm-2) was taken as the area of the individual 
solar cell pixels.  
 
 
3.2.4 Preparation of Samples for Transmission Electron Microscopy 
 
Samples for transmission electron microscopy (TEM) were required to be deposited on purpose 
made copper grids made for the apparatus. Clean glass substrates submerged in isopropanol were 
blow dried with a nitrogen gun. 50 µl of PEDOT:PSS (without zonyl) was deposited on the glass and 
spun at 3000 rpm. Solutions were prepared of the materials of interest as they would be in devices 
and then diluted by half to ensure that the films were thin enough to achieve a contrasting image. 
The PEDOT:PSS covered glass was spun at 1000 rpm and 20 µl of these solutions deposited in the 
centre. If annealing was required then the samples would be placed on a hotplate under nitrogen 
and annealed for 1 hour. The films were then lacerated with a sharp needle to create a grid across 
the surface. DI water was placed in a petri dish and the sample was submerged causing the 
PEDOT:PSS to dissolve and pieces of the film to float on the surface. If this did not occur straight 
away the substrate was removed from the DI water and then resubmerged until the film came off 
the glass. The small floating films were collected directly onto the copper grids and excess water 
carefully drained before they were stored for use. 
 
 
3.3 Characterisation Techniques 
 
3.3.1 Profilometry 
 
Profilometry allows measurement of the thickness of a thin film of material by taking the difference 
between the heights of two surfaces. Samples for profilometry were prepared on glass substrates. 
Hard films were masked during fabrication so that some of the glass was exposed after fabrication. 
Soft films were lacerated with a sharp needle to create gaps exposing the glass. Profiles were then 
taken over the steps between the glass surface and the film surface of interest using a Dektak 6M 
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surface profilometer. Thickness measurements were then taken as the height change of the 
profilometer needle at the step between the glass and film. 
 
 
3.3.2 Absorption Spectroscopy 
 
As described in chapter 2, the absorption of light by a material is only possible when an electronic 
transition between a lower energy occupied and higher energy unoccupied state occurs. 
Furthermore the energy difference between the occupied state and unoccupied state must be 
equivalent to the energy of the incident photon. By scanning a variety of photon energies one can 
build a picture of the relative positions of occupied and unoccupied states within a material. Samples 
on glass were measured at room temperature in a UV-Vis absorption spectrometer (Shimadzu, UV-
1601 or Perkin-Elmer Lamda-25) at a rate of 480 nm per minute. One cycle was taken for each 
sample. 
 
 
3.3.3 Photoluminescence Spectroscopy 
 
Also as described in chapter 2, emission may occur via a fluorescent decay process. Changes to the 
yield and energy of fluorescence within a material may indicate changes in the electronic 
environment or dynamics of the excited states and is therefore a sensitive tool for determining 
changes within a system. Samples on glass were measured at room temperature in a fluorometer 
(Horiba Jobin Yvon, Fluorolog-3). 3 cycles were taken for each sample and an average of the 
emission spectra obtained. 
For photoluminescence (PL) quenching measurements of CdS/P3HT blends emission integrals taken 
and corrected for the absorption of the samples at the excitation wavelength. A comparable sample 
of P3HT was measured and similarly corrected. The ratio of these values was taken as the proportion 
of the PL relative to that of the pristine P3HT. The PL quenching was then taken as the difference 
between this value and unity. 
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3.3.4 Transient Absorption Spectroscopy  
 
Transient absorption spectroscopy (TAS) is another technique used to probe electronic states within 
a material. Using the absorption properties of a material excitation facilitates depopulation of the 
ground state and population of an excited state. The change in the population of electronic states 
within the materials leads to a change in their absorption properties. These changes are short lived 
as relaxation back to the ground state occurs quickly. However, if these transitions are probed on 
short enough timescales the kinetics of relaxation may be observed (figure 3.4). Furthermore, in 
similar fashion to a simple absorption spectrum, changing the probe wavelength at a constant 
timescale elucidates the excited state absorption spectrum of the system. These are normally 
represented as a change in the ground state absorption and generally much smaller in magnitude 
than the ground state absorption. 
 
 
Figure 3.4: Principles of TAS. Samples are constantly probed with a beam of photons, where hν’ < hν, giving a 
detectable transmission intensity of T1. Excitation by a pump beam results in the promotion of ground state 
electrons into an excited state where they begin to absorb the probe light. The probe beam loses some intensity 
as it passes through the sample equivalent to T1 – T2. This change in transmitted light is detected and compared 
to the initial transmission over different timescales allowing a picture to be built up of the dynamics of the 
excited states. 
 
TAS was used in this thesis to investigate charge behaviour in CdS/P3HT blend films. The 
complementary energetics of the band structure of these materials allows for excited state charge 
transfer to occur from one material to another. The dissociation of the excited state into a spatially 
separated electron and hole polaron results in an increase in the lifetime of the excited state (see 
Optoelectronic and Spectroscopic Characterisation of Polymer-Cadmium Sulfide Nanocomposite Solar Cells 
 
86 
 
chapter 2). These excited states can be easily observed on timescales in excess of 1 µs, allowing the 
use of a conventional TAS setup. Moreover, observation of long lived charges at 1 µs gives an 
indication of the numbers of polarons that have not undergone fast geminate recombination and are 
therefore more likely to contribute to device photocurrent.4 For this reason most of the work 
presented focuses on the micro to millisecond timescales.  
Samples on glass were measured at room temperature, placed in a large quartz cuvette under 
flowing nitrogen. A dye laser (Photon Technology International Inc. GL-301) pumped by a nitrogen 
laser (Photon Technology International Inc. GL-3300) was used to excite the samples at wavelengths 
determined by the choice of dye. The pump pulse was used at a frequency of 4 Hz with a 0.6 ns pulse 
width. Continuous probe light was generated from a quartz halogen lamp (Bentham IL1) with a 
stabilized power supply (Bentham 605). A probe wavelength of 980 nm, where the P3HT polaron has 
been shown to absorb in CdS/P3HT blends,5 was used as determined by two monochromators 
situated in the probe beam’s path before and after the sample. A 800 nm long pass filter was used to 
remove the contribution of the second harmonic from the probe. Detection was conducted with the 
aid of a silicon photodiode with a spectral range of 500-1000 nm in conjunction with a signal 
amplifier and electronic filter to improve the signal to noise ratio. Measurements of the laser 
intensity were conducted with a Tektronix energy meter (Si detector). Moreover the intensity of 
excitation from the pump pulses was significantly greater than that equivalent to 1 sun (~1 µJcm-2) 
due to the necessity to produce a signal of a useful magnitude. 
Observation of excitons and polaron generation required faster timescales. These measurements 
were performed with Dr. U. Cappel, of the same group, using near infrared femtosecond TAS. A 
1 kHz 800 nm 92 fs pulse train from a Solstice Ti:Sapphire regenerative amplifier (Newport) was used 
to generate both probe and pump beams. The probe pulse was generated within a sapphire crystal 
and split into a signal beam passing through the sample and a reference. The pump pulse was 
created using an optical parametric amplifier and a series of filters (TOPAS-NIRUVIS). This was then 
chopped to output a pulse frequency of 500 Hz. The pump and probe beams were overlapped at the 
sample and spectra calculated from the difference in the probe intensity with and without the 
pump. Fluctuations in pump intensity were adjusted for through monitoring of the reference beam. 
This was conducted at different delay times controlled by variation in the length travelled by the 
probe before reaching the sapphire crystal to attain data at different timescales. 
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3.3.5 Transition Electron Microscopy 
 
Information on the fundamentals of TEM can be found here.6 All TEM images presented in this were 
taken in bright field imaging mode with the assistance of either Dr. S. King or A. MacLachlan. In 
bright field mode the contrast of the image is generated from the hindrance of the transmitted 
electrons to pass through the materials under investigation. Most polymeric materials are 
constituted of carbon atoms with a relatively small density of electrons to block the incident electron 
beam. Heavier elements such as cadmium have a far greater number of electrons and interactions 
between these and the incident electron beam are more frequent. As a result the electrons in the 
incident beam are more scattered and fewer reach the detector. The interpretation of TEM images 
presented in this thesis is therefore that darker regions (low electron transmission) are rich in 
cadmium atoms and lighter regions are not. By extension it is considered that those regions that are 
light in cadmium are occupied by the P3HT and that cadmium is present only as the sulfide allowing 
the morphology of the system to be ascertained. Films floated onto copper grids, prepared as 
described in section 3.3.4, and a JEOL 2000 Mk II electron microscope operated at 200 kV was used 
to obtain these top down TEM images.  
 
 
3.3.6 Solar Cell Current-Voltage Measurements 
 
Current voltage measurements are the primary method for determining the power conversion 
efficiency of solar cells. How this is conducted is described in chapter 2 (section 2.6.2). Solar cells 
were fabricated as described in section 3.3.3. These cells were placed in a custom made sealable air 
tight sample chamber with complimentary electrode pins for the patterning used on the devices. 
Loading of the solar cells into the sample chamber was conducted in a nitrogen rich environment so 
that all measurements were conducted under nitrogen. Current Voltage Characteristics of the cells 
were measured by applying an external electric field over the device and sweeping from reverse bias 
to forward bias while monitoring current flow using a Keithley 2400 source meter. Simulation of the 
AM1.5 solar spectrum was conducted using a 150W Xenon lamp (ScienceTech SS150Wsolar 
simulator) equipped with an IR filter (Water Filter) and AM1.5 filter (ScienceTech).  
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Chapter 4: 
Optimisations of an Inverted Solar Cell Architecture 
 
 
To judge the potential of a solar cell requires that device performance is not hindered by the inability 
of charges to escape the active layer and reach the correct electrodes. In this chapter investigations 
are conducted on the layers of an inverted solar cell, not responsible for charge generation, but for 
the efficient extraction of charges throughout the cell architecture. Optimisations will be carried out 
on the materials responsible for electron and hole transport and selectivity. Furthermore, a variety of 
material will be explored for use in both electron and hole selective layers. Design rules will be 
elucidated and an optimised architecture subsequently developed for use in all the following 
experiments. 
 
 
4.1 Introduction 
 
The most commonly adopted structure for bulk heterojunction solar cells has employed layers in the 
following fashion: substrate/transparent hole collecting electrode (+hole transporting 
material)/active layer/electron collecting electrode (+electron transporting material). This type of 
architecture is typically referred to as conventional, the development of which has been key in 
exploiting the effectiveness of materials utilised in a photoactive capacity.1 More specifically the 
supporting layers of a solar cell may determine the potential difference that can be generated to do 
work in an external system. Furthermore, if poorly chosen materials are used, current extraction can 
be inhibited through high resistances, poor charge selectivity or barriers to interfacial charge 
transfer between the layers of the cell.2 Hole and electron mobilities, which are intrinsic material 
properties, will also determine how quickly charges can move through the cell with equally 
detrimental or beneficial consequences.3 Differences in the nanostructure of the supporting 
architecture have also been shown to have a significant effect on the performance of solar cells (as 
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described in chapter 2).4 For instance, nanostructuring of TiO2 in DSSC’s lead to significant 
improvement in the ability of these cells to absorb light without severely compromising charge 
extraction.5 Without taking care to ensure that architectural problems are not limiting device 
performance it is not possible to accurately determine the potential of any photoactive system. 
These factors make the choice of material and fabrication strategy utilised very important for 
maximising the performance of solar cells. 
Conventional solar cell architectures have typically employed low work function metals as the top 
contacting electrode. These are easily oxidised and thus detrimentally affect the stability of these 
types of devices, such that encapsulation is necessary for reasonable device function over any length 
of time. An alternative design, called an inverted architecture, has been developed to reduce the 
sensitivity of devices to the environment. In this architecture the low work function metal, utilised as 
the top contact and exposed to the air, is exchanged for a higher work function, and therefore more 
environmentally stable, metal.1 In conventional architectures Indium Tin Oxide (ITO), a widely used 
transparent conducting oxide (TCO), and aluminium have regularly been used as the hole and 
electron collecting electrodes, respectively. Due to the relative positions of the work functions of the 
materials involved in inverted architectures, where both gold and silver have been employed in 
place of aluminium,6 the roles of the electrodes are reversed with holes going to the unexposed TCO 
and electrons to the top contact (figure 4.1). 
 
 
Figure 4.1: (a) Conventional architecture, with a low work function metal top electrode, employed in many BHJ 
solar cells. Photogenerated electrons migrate to the top electrode while holes go to the TCO. (b) Inverted 
architecture where the top contact has been replaced by a high work function metal. Electrons and holes flow 
in the reverse direction to conventional devices. 
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TiO2 and ZnO have been used extensively on ITO to make the electrode electron selective in both 
BHJ solar cells and DSSC’s.6, 7  This is due to the appropriate positioning of their VB and CB as well as 
their excellent charge transport, high transparency and, more recently, the existence of comparative 
literature. In conventional designs poly(3,4-ethylenedioxythiophene) : poly(styrenesulfonic acid) 
(PEDOT:PSS) has been frequently used as a hole selective material on ITO.8 Similarly, this is because 
of its high transparency and charge transport properties. In inverted designs there has been some 
difficulty in depositing an effective hole blocking material on to the active layer using solution 
processing techniques due to poor wetting with orthogonal solvents and damage to the active layer 
otherwise. However, water soluble PEDOT:PSS has been successfully applied with the aid of a 
surfactant called Zonyl.9 Herein investigation of the various roles employed by the materials 
discussed above will be made. Alternative materials and fabrication methodologies will be compared 
and an understanding of the effects of material choice on device behaviour will be presented. 
 
 
4.2 Experimental 
 
In the device structures that are employed in the following study, all layers are solution processed 
with the exception of the metal electrode top contact, unless specified otherwise within the text. 
The architecture employed throughout the study is as described in chapter 3 as the typical device 
however the processing conditions are not initially the same. The outline of said architecture is as 
follows: from the bottom to the top, the device employs an electron collecting electrode (ITO), an 
electron selective layer (TiO2), an electron selective layer (CdS) a photoactive layer (P3HT/CdS), a 
hole selective layer (PEDOT:PSS), and a hole collecting electrode (Au). Changes to that architecture 
are specified in the text where present. Initial devices that will be presented deviate in their 
fabrication from that described in chapter 3 in the following ways: The TiO2 layer was created using 
the spray pyrolysis process previously described. The active layer solution was not diluted with an 
additional 1/3 by volume of chlorobenzene. Thicknesses were not measured except in the cases 
where they were the focus of the optimisation. Changes in thickness were achieved through 
cumulative layering by spray pyrolysis in the case of TiO2. Changes in the concentration of solution 
were used to effectively change the thickness of the CdS layer. All thicknesses were measured by 
profilometry of films prepared on glass substrates. Changes in layer materials employed were 
achieved through the use of different recipes (listed in chapter 3) involving the appropriate 
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precursors dissolved in a compatible solvent and their spray pyrolysis or spin coating followed by a 
heat treatment.  
It should also be noted that all J-V curves displayed below are of the best performers in each study. 
 
 
4.3 Results and Discussion 
 
4.3.1 Introduction of a CdS Seeding Layer 
 
In  previous work conducted within the group, by Leventis et al, it was shown that xanthate 
functional groups attached to a Cd metal centre produced a compound that mixed well with organic 
semiconducting polymers and could be decomposed upon the application of heat to generate an 
interconnected network of CdS.10 The devices resulting from this fabrication strategy achieved a 
power conversion efficiency of 0.7 %, highlighting the potential of such an approach to overcome 
some of the field’s challenges. It was observed that a significant amount of (potentially poorly 
percolating) P3HT resided at the TiO2 interface and thus diverged from the morphology of an ideal 
bulk heterojunction. Thus, CdS percolation through to the TiO2 was thought to be compromised. It 
was postulated that the introduction of an extra layer of CdS would act as a base for the growth of 
CdS within the active layer and facilitate improved electron extraction from the blend. A thin layer of 
CdS was introduced (figure 4.2a) between the TiO2 and the active layer by spin coating of the 
xanthate precursor from a chlorobenzene solution, removing the entirety of the TiO2/P3HT 
interface. The performance of devices fabricated utilising this extra layer improved significantly. 
Figure 4.2b shows the IV curves corresponding to ‘hero’ devices fabricated with and without the 
extra CdS layer. 
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Figure 4.2: (a) Inverted device architectures employed herein; (left) the original architecture and (right) the new 
architecture adapted with the addition of the CdS layer. (b) Corresponding current density-voltage (J-V) curves 
for the devices with and without the CdS layer. 
 
In the case of the best devices, an improvement in fill factor and VOC are observed resulting in an 
increase in PCE; in the above case from 1.45 % to 2.17 %. Having ascertained that the presence of 
the CdS layer was favourable, further studies were conducted to establish the effects of altering this 
layer on overall device performance. Figure 4.3b shows the average PCE achieved for devices 
fabricated with varying thicknesses of CdS employed. This was achieved through changing the 
concentration of the xanthate spinning solution. It can be seen that the most efficient solar cells are 
achieved with the thinnest layer, only 30 nm of CdS.  
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Figure 4.3: (a) J-V curves, (b) power conversion efficiencies and (c) normalised parameters, JSC (red circles), VOC 
(blue squares) and FF (green triangles) of devices employing different thicknesses of a CdS layer. 
 
Figure 4.3c shows the change in the averages of the key solar cell parameters as a function of CdS 
layer thickness. The introduction of a CdS layer results in significant increases in both open circuit 
voltage and short circuit current. Increasing the thickness of the CdS layer leads to a gradual but 
stark reduction in JSC and only a minor reduction in VOC. By contrast, the fill factor rises both with the 
addition of the CdS and with its increasing thickness. It may be suggested that a better connection 
between the CdS and TiO2 allows for a more facile extraction of electrons from the active layer that 
would otherwise reside there for longer increasing the likelihood of interactions with a hole and the 
rate of recombination. A similar phenomenon has been observed in ZnO based DSSC’s coated in 
Al2O3 or TiO2. In these devices recombination at the oxide interface with a hole conducting 
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electrolyte was reduced resulting in an increase in both VOC and FF.
11 Current extraction is also 
improved with the addition of CdS. As the thickness of the CdS layer is increased the short circuit 
current gains are lost while the voltage and fill factor remain relatively unaffected. This is may be 
attributed a combination of phenomena. The absorption of the CdS layer increases with increasing 
thickness, filtering out the bluer parts of the solar spectrum before the light reaches the active layer. 
This effectively reduces the intensity of the useful light and in turn the current that can be 
generated. Alternatively the increasing the CdS thickness may also affect the distribution of the 
optical electric field within the device.12-14 Should this be the case it is possible that the efficacy of 
absorption within the active layer is reduced, consistent with the reduction in current. One might 
also attribute these observations to an increase in the series resistance of the devices; however this 
would be accompanied by a systematic change in the slope of the current-voltage relationship 
between samples at high forward bias which does not occur.  
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Figure 4.4: (a) Absorption spectra of CdS thin films made from xanthate precursor annealed at 100 
o
C (black), 
160 
o
C (red) and 300 
o
C (blue). (b) J-V curves, (c) power conversion efficiencies and (d) normalised parameters, 
JSC (red circles), VOC (blue squares) and FF (green triangles) of devices employing annealing temperatures of the 
CdS layer. 
 
After ascertaining that the introduction of a CdS layer had a beneficial effect on device performance, 
the effects of xanthate decomposition temperature were investigated. Films of CdS, both for use in 
devices and on glass were subjected to annealing temperatures of 100 oC, 160 oC and 300 oC for half 
an hour. The absorption spectra of films of CdS generated from the xanthate (figure 4.4a) show a red 
shift as a function of increasing temperature as well as an increase in scattering, suggesting the 
formation of larger particles of CdS occurs at higher temperatures.15 In devices, changing the 
temperature at which the CdS layer was formed has little effect on the performance of the solar cell 
except at the highest temperature employed.  Figures 4.4b-d show the device J-V curves, 
corresponding PCEs and relative changes in device parameters, respectively, as a function of 
annealing temperature between 100 oC and 160 oC. A slight reduction in FF and VOC are observed at 
Optoelectronic and Spectroscopic Characterisation of Polymer-Cadmium Sulfide Nanocomposite Solar Cells 
 
97 
 
300 oC resulting in a worsening of device performance. It could be expected that a decrease in 
particle size within the CdS layer would be accompanied by an increase in the number of grain 
boundaries and therefore a decrease in the mobility of charges flowing through that layer. As JSC is 
relatively constant between all samples it is believed that charge extraction is not impacted by the 
transport properties of the layer at short circuit. However, it is known that at grain boundaries the 
presence of trapping states and band bending act as a barrier to charge migration, particularly at low 
internal fields (high applied bias).16, 17 It is possible that the grain boundaries and therefore trapping 
may become sufficiently numerous at high annealing temperature to inhibit transport facilitating 
charge recombination as the applied bias approaches VOC. It should be noted that all devices 
reported on, hereafter, will employ a ~30 nm CdS layer annealed at 160 oC unless specified. 
 
 
4.3.2 Investigations of TiO2 as an Electron Selective Layer  
 
There has been significant focus on understanding the role TiO2 plays in solar cells as an electron 
selective material and optical spacer.18, 19 It has been found that device performance may be 
drastically affected by the presence and processing of TiO2 in a number of systems and therefore 
should be investigated in the context of these hybrid structures.20, 21 Both spray pyrolysis and spin 
coating methods were utilised to facilitate the fabrication of thin films of TiO2 (as outlined in the 
experimental chapter).  Thickness effects of TiO2 were explored using the spray pyrolysis technique 
due to the ease with which film thickness may be controlled. Initially the deposition rate was 
determined using profilometry on samples subjected to a large number of spray cycles. The desired 
thicknesses were then achieved by continual spray of the precursor onto a substrate up to the 
calculated number of cycles upon which it was discontinued. All films were then subjected to a one 
hour anneal at 450 oC to ensure complete sintering. Figure 4.5a and 4.5b show the J-V curves and 
PCEs for devices fabricated with varying TiO2 thicknesses. The inclusion of the TiO2 layer significantly 
improves the device performance, while there is a negligible effect on overall device performance 
with increasing thickness up to 200 nm. The device parameters, shown in figure 4.5c, are also 
unchanging with TiO2 thickness. In the absence of TiO2, however, JSC is significantly reduced 
compared to those with TiO2, while VOC is comparable and FF is higher. 
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Figure 4.5: (a) J-V curves, (b) power conversion efficiencies and (c) normalised parameters, JSC (red circles), VOC 
(blue squares) and FF (green triangles) of devices employing different TiO2 layer thicknesses. 
 
The presence of TiO2 at the electrode is known to inhibit the collection of holes, reducing 
recombination and increasing JSC. It is also possible that at high applied bias recombination is 
enhanced within the TiO2 due to the presence of grain boundaries reducing the FF.
17 As TiO2 
thickness is increased it might also be expected that changes of thickness may affect the series 
resistance of the cell. A significant change in the series resistance of the cells would have a 
detrimental effect on device performance, and particularly the FF, while it is clear that the device 
performance is constant. The additional resistance introduced with thickness therefore considered 
to be insignificant compared to the compounded resistances of the other parts of the cell such as 
the interfaces. Alternatively, the introduction of TiO2 may cause a redistribution of the optical 
electric field in the device. In the literature, it has been reported that the inclusion of an optical 
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spacer, as well as changes in spacer thickness, can enhance the absorption properties of the active 
layer and hence improve device performance.12, 18 In this study, increasing TiO2 thickness appears to 
have very little observable effect on device performance. It is possible that optical electric field 
redistribution effects are not observed here because the range of thicknesses chosen was not 
sufficient to effectively map the phenomenon. Alternatively, this could also be consistent with only a 
minimal redistribution of the optical electric field across the active layer, which has been observed in 
systems where the active layer is too thick.12 
 
 
Figure 4.6: (a) J-V curves, (b) power conversion efficiencies and (c) normalised parameters, JSC (red circles), VOC 
(blue squares) and FF (green triangles) of devices incorporating 20 nm thick layers of TiO2 deposited either by 
spray pyrolysis or spin coating. 
 
Comparison of the J-V curves and corresponding efficiencies of devices made using the spray 
pyrolysis and spin coating techniques are shown in figure 4.6a and 4.6b. Again, devices fabricated 
display similar efficiencies and almost identical device parameters (figure 4.6c). In spite of the 
differences between the fabrication strategies it would appear that the resulting behaviour of TiO2 in 
devices is effectively the same. However, this might also highlight that the probable differences in 
defect concentration and type as well as a greater or lesser presence of grain boundaries between 
the two films are inconsequential. It should be noted that in the studies presented here onwards, 
except where indicated, the spin coating technique was adopted for TiO2 fabrication due to the 
relative ease of implementation and economy of material. 
 
 
Optoelectronic and Spectroscopic Characterisation of Polymer-Cadmium Sulfide Nanocomposite Solar Cells 
 
100 
 
4.3.3 Investigations of Alternative Electron Selective Layers 
 
Although TiO2 has been widely utilised in many optoelectronic devices, other materials have shown 
themselves to exhibit similar desirable properties such as high transparency to visible light and good 
electron conductivity.22-24 Tokmoldin et al showed that, in hybrid light emitting diodes employing 
F8BT in an inverted architecture, a layer of ZrO2 was preferable to TiO2 as an electron selective 
layer.25 In solar cells, both Cs2CO3 and ZnO have been used with encouraging results.
26, 27 Here we 
explore the use of other metal oxide materials as a replacement for TiO2 and attempt to identify 
preferable alternatives and shed light on the key properties that allow this layer to influence device 
behaviour.  Several materials were chosen due to varying conduction band positions, band gaps and 
mobilities, as shown in figure 4.7 and table 4.1. All metal oxides were deposited by spray pyrolysis to 
form layers approximately 20 nm thick, with the exception of SnO2 and Nb2O5 which were deposited 
by spin coating due to processing difficulties. All films were subsequently subjected to an annealing 
process at 450 oC in air for one hour. It should be noted that the exact stoichiometry’s of the oxide 
films deposited in devices were not investigated and therefore may in fact differ, however the 
materials ideal formulas will be used for ease of referral. 
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Figure 4.7: Energy level diagram of inverted solar cell utilising a variety of metal oxide electron selective layers, 
with varying conduction and valence band positions. Valence and Conduction band positions were taken from 
the following references.
28-30
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Table 4.1: Valence and conduction band energies, band gaps and mobilities of metal oxides employed as 
electron selective materials. 
MOX VB CB Band Gap Mobility References 
 (eV) (eV) (eV) (cm2V-1s-1)  
Fe2O3 -4.8 -7.0 2.2 (TF) ~3·10
-3 28, 31 
Nb2O5 -4.6 -8.0 3.4 (PC) 0.2 28, 32 
SnO2 -4.5 -8.0 3.5 (SC) 135 28, 33 
TiO2 -4.2 -7.4 3.2 (SC) 30-40 28, 34 
ZnO -4.2 -7.4 3.2 (SC) 200 28, 35 
ZrO2 -3.4 -8.4 5.0 - 28 
Al2O3 -2.5 -9.5 7.0 - 29 
V2O5 -2.4 -4.7 2.3 (TF) ~3·10
-2 30, 36 
TF - thin film, PC – polycrystalline, SC – single crystal 
 
Devices were fabricated using the above variety of oxides as electron selective layers. Their PCEs are 
displayed in figure 4.8a and the accompanying parameters in figure 4.8b. As compared to a device 
employing no metal oxide, those employing Fe2O3, V2O5, ZrO2 and Al2O3 were less efficient and SnO2, 
TiO2, ZnO and Nb2O5 were more efficient. Moreover those metal oxides whose introduction was 
beneficial achieved comparable performances.  
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Figure 4.8: (a) Power conversion efficiencies and (b) normalised parameters, JSC (red circles), VOC (blue squares) 
and FF (green triangles) for devices incorporating either no metal oxide or one of, in order from left to right, 
Fe2O3, V2O5, TiO2, ZnO, SnO2, Nb2O5, ZrO2, Al2O3. 
 
In order to explain these observations various properties of the different materials must be 
considered. In the case of ZrO2 and Al2O3 both are highly transparent with a very wide band gap and 
a very high conduction band edge. Importantly it is higher than that of the CdS making charge 
extraction a significant obstacle. As such the resultant devices exhibit debilitating series resistance 
effects (figure 4.9a).  
The conduction band edge of Fe2O3 sits level with that of ITO giving what should be an Ohmic 
contact. Furthermore, the energetic driving force for electron transfer from the active layer is very 
high however devices suffer from a relative drop in all parameters with its introduction. In contrast, 
V2O5 has a very poorly placed VB and CB but produces devices that are comparable if not only 
slightly worse. Both Fe2O3 and V2O5 have band gaps that fall below the energy threshold for visible 
transparency resulting in a diminishing of the intensity of the light which reaches the active layer and 
also the formation of excited states within this layer. Moreover, a characteristic ‘S-shape’ is present 
in the current voltage trace (figure 4.9b), suggesting that this layer is contributing to a mismatch 
between electron and hole extraction rate as observed by Tress et al.37, 38 As compared to the 
control, it is likely that electron extraction has been slowed relative to hole extraction by virtue of 
the very low electron mobilities within both oxides.31, 36 This results in a rearrangement of the 
electric field and a build-up of electrons at the interface with the donor material. As the cell is driven 
from short circuit to open circuit and the electric field is reduced, both carriers begin to linger at the 
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interface and the rate of recombination is disproportionately increased due to the relative 
abundance of the slow carrier reducing the observed FF and VOC.  
 
 
Figure 4.9: Current density-voltage relationships for devices incorporating different metal oxide electron 
selective layers. (a) ZrO2 (cyan) and Al2O3 (navy blue), (b) V2O5 (purple) and Fe2O3 (red), (c) TiO2 (black), ZnO 
(blue), SnO2 (green) and Nb2O5 (orange). 
 
Devices that incorporated TiO2, ZnO, SnO2, and Nb2O5 were all superior to those without an electron 
selective layer in spite of the range of reported mobilities and variations in the CB edge. The devices 
produced are also almost identical in behaviour (figure 4.9c) suggesting that the performance is not 
limited by metal oxide, but by other common factors between the solar cells. This allows us to make 
a comparison of the properties of these metal oxides and ascertain what parameters have a 
substantial influence on device performance, or rather do not. For example, the CB edges of the all 
these metal oxides were below that of the CdS layer providing an energetic driving force for electron 
transfer from CdS to the metal oxide. However, there is no correlation between the magnitude of 
the energetic driving force and the measured device JSC’s. The cause of the slight reduction in current 
observed in devices with Nb2O5 may reside in the low mobility of the material which is 2-3 orders of 
magnitude lower than the others.32 However, higher mobilities, as given by SnO2 and ZnO, do not in 
turn produce better devices.33, 35 It is possible that, provided that mobility is sufficiently high, 
electron transport in the electron selective layer is fast enough to avoid the build-up of charge at the 
interface with the active layer, and recombination is not enhanced as a result. This observation 
demonstrates that a wide range of metal oxides may be considered for use without fear of loss of 
performance. 
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4.3.4 Investigations into PEDOT:PSS  and Other Hole Selective Layers 
 
PEDOT:PSS has been used extensively in conventional architectures as a hole-only layer in order to 
overcome problems of electron recombination at the hole selective electrode leading to poor fill 
factors and voltages in devices.39 Application of PEDOT:PSS in inverted architectures has been 
hindered due to poor wetting of the processing solvent (water) with the layer on which it must be 
deposited. However, Voigt et al showed that PEDOT:PSS could be effectively deposited on a 
hydrophobic interface with the addition of the surfactant Zonyl, demonstrating its potential for use 
in an inverted P3HT:PCBM solar cell.9 It was shown that an increase in the amount of Zonyl used 
correlated with a reduction in device performance and determined that the minimal amount should 
be employed to facilitate proper wetting of the surface in question. Other work with PEDOT and its 
derivatives have shown that the electronic properties such as conductivity and Fermi level may be 
altered through structural changes or the use of doping.40 However, here the use of a single 
PEDOT:PSS material, as a hole selective top contact, and the addition of Zonyl is explored.  
Varying proportions of Zonyl were used in order to ascertain the relationship between wettability of 
the PEDOT:PSS solution and device performance. Heat treatment of PEDOT:PSS solutions has been 
shown to increase the conductivity of deposited films and lead to an improvement in devices that is 
greatest at with the application of 70 oC heat.41 Thus a PEDOT:PSS solution with the addition of 1 % 
by volume Zonyl was heated at 70 oC to investigate the effects of temperature on this system. 
Furthermore sonication of the PEDOT:PSS solution (also with 1 % Zonyl), for 15 minutes, was also 
used to determine whether or not  the properties of the hole conductor could be changed in this 
manner. Figures 4.10a-c show the J-V curves, PCEs and parameters of devices, respectively. Without 
the use of Zonyl PEDOT:PSS would not wet the films properly and produce devices akin to those in 
its absence.  The successful application of PEDOT:PSS resulted in a significant improvement in device 
performance due to an increase in the VOC. This is consistent with PEDOT:PSS acting as a hole 
selective layer blocking electron collection at the top electrode and reducing the rate of non-
geminate recombination.42, 43 It appears that the application of different amounts of Zonyl or 
sonication of the solution has had little effect in overall device PCE. The use of 1 % Zonyl is coupled 
with a reduction in JSC, relative to the use of 0.2 % Zonyl, but an increase in fill factor is observed that 
is not fully understood. The effect of sonication on an otherwise equivalent device yields parameters 
comparable to those observed with the application of only 0.2 % Zonyl.  The application of heat to 
the PEDOT:PSS solution seems to reduce the effectiveness of the device due to a drop in current and 
fill factor. Although the conductivity was reported to increase with the application of heat it is 
possible that the presence of Zonyl inhibits the changes in solution that facilitate the increase in 
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conductivity. Importantly, heating to temperatures above 70 oC also lead to an increase in the 
PEDOT:PSS work function, the effect of Zonyl may have also been to facilitate a change in the work 
function at lower temperatures leading to an increase in the injection barrier for holes at the 
interface.41 It should be noted that the differences are very small, however, and it is possible that 
other factors play a larger role in determining PEDOT:PSS functionality such as processing solvent or 
technique and PEDOT:PSS formulation.44-46 
 
 
Figure 4.10: (a) J-V curves, (b) power conversion efficiencies and (c) normalised parameters, JSC (red circles), VOC 
(blue squares) and FF (green triangles) for devices incorporating no pedot, 0.2 % or 1 % by volume of Zonyl, and 
with a heating or sonication treatment. 
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It is understood that PEDOT:PSS is not an ideal material to employ in such devices due to processing 
problems (the requirement of a surfactant) and its susceptibility to possible delamination and 
degradation by ambient exposure.47, 48 Many alternative materials have been sought in the literature 
with some success being reported utilising NiO,49 MoO3,
50 IrOX,
51 GeO2,
52 graphene oxide53 as well as 
a variety of organic materials.54, 55 However, the majority of this literature has been focused on 
replacing PEDOT:PSS in solar cells using a conventional architecture. Moreover, techniques 
employed such as sputtering or high temperature treatments are neither in keeping with solution 
processability nor practical for deposition on sensitive active layers. Therefore it was considered 
prudent to identify possible replacements for PEDOT:PSS, in an inverted architecture, through the 
design of fabrication strategies involving solution processing. To this end, strategies were devised 
that borrowed heavily from the spin coating of metal oxides reported on earlier in the chapter. A 
number of organometallic precursors were spun on the active layer and heated in air to 120 oC for 
one hour to encourage oxidation. The metal oxides MoO3, NiO, V2O5 and WO3 were chosen for their 
potential hole conducting properties and use in the literature.30, 56-58 Figure 4.11 shows the 
comparative energy level positions of the oxides employed. 
 
 
Figure 4.11: Energy level diagram of inverted solar cell utilising a variety of metal oxide hole selective layers, 
with varying conduction and valence band positions and comparison with PEDOT:PSS work function. Valence 
and Conduction band positions were taken from the following references.
30, 56-58
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Due to the uncertainty of oxide formation from the solution processed precursors a control set of 
devices were fabricated employing an evaporated MoO3 hole selective layer for an effective 
comparison with the solution processed equivalent and PEDOT:PSS. In figure 4.12a and 4.12b the 
PCEs and parameters for devices fabricated using the different spun metal oxides are shown. As the 
formation of the desired oxides stoichiometry was not established they have been denoted MOX, 
accordingly. In all cases the metal oxides are worse than PEDOT:PSS due to a reduction in JSC and VOC 
in the case of all spun metal oxides and a worsening fill factor with NiOX. An explanation of these 
observations can be elucidated by looking at selected current density-voltage traces of each cell 
(figure 4.12c) and through consideration of the energetics for each material (figure 4.11). In the case 
of NiOX the series resistance of the cell which is increased significantly by a significant barrier to hole 
injection from P3HT is severely inhibiting proper device function. VOX also shows an increased series 
resistance however this may be caused by the potential barrier to injection into the Au electrode. 
MoOX and WOX both possess the energetic driving forces to facilitate effective electron blocking and 
hole transfer from the polymer to the electrode. The relative reduction in solar cell performance 
with these oxides is indicative of other detrimental influences on device function possibly due to 
processing effects.  
Importantly, comparison of the spun MoOX with the evaporated MoO3 shows a reduction in both VOC 
and JSC in the former. This indicates that processing may be the cause of the reduced device function. 
It is likely that oxide formation is incomplete due to the precautionary low temperature annealing of 
the films in order to minimise the damage to the active layer of the device that may be caused by 
exposure to heat and air. The presence of precursor in the hole selective layer may increase the 
resistance of the films leading to lower charge extraction and higher rates of recombination in the 
active layer.37 
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Figure 4.12: (a) Power conversion efficiencies and (b) normalised parameters, JSC (red circles), VOC (blue 
squares) and FF (green triangles) for devices incorporating solution processed metal oxides and evaporated 
MoO3 and PEDOT:PSS for comparison. (c) current density-voltage curves for the best pixel of each device. 
 
The devices utilising the evaporated MoO3 are also relatively inefficient, as compared to PEDOT:PSS, 
due to an inferior JSC although an increase in VOC is observed. This increase is believed to be the 
result of an improvement in the shunt resistance of the device, as has been observed elsewhere.59 
The source of the reduction in JSC is not clear, however, it is possible that the evaporation process 
may have caused some damage to the active layer reducing charge generation. Alternatively, the 
MoO3 may introduce a barrier to charge extraction through band bending at the interface with the 
polymer.  
It is noteworthy that working devices were produced using solution processing to deposit the metal 
oxides on the active layer. With further work the use of metal oxides may be a viable solution to the 
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challenge of PEDOT:PSS replacement. Indeed, since this work was undertaken, some success has 
been achieved with metal oxides comparable to PEDOT:PSS in an inverted architecture.60 With 
continued improvements in processing methodologies metal oxide deposition will become more 
facile allowing the fabrication of more stable solar cells without sacrificing favourable device 
performance. 
 
4.3.5 Top Electrode Selection 
 
The electronic properties of the electrodes are determined by their work functions. However work 
function measurements are notoriously changeable due to a dependency on the dipole strength of 
the surface planes being measured as well as the adsorption of other species on to the surface, 
impurities and atmospheric conditions.61-64 Commonly the electrode of choice for inverted electronic 
devices has been gold due to its very high work function, which has been reported ranging from 4.83 
to 5.45 eV,62, 65 although the value of 5.1 eV is often quoted in the literature.25, 66 This allows it to be 
incorporated with other materials with deep valence and conduction bands, as the hole selective 
electrode, facilitating collection of those charges without a significant drop in potential. However, 
for commercialisation of any potential inverted device, gold is an unfavourable electrode candidate 
due to its low abundance and price volatility. Two other materials commonly used for electrodes in 
electronic components are silver and aluminium. These are set apart from gold by their reduced cost 
and by their lower work function values of in the ranges of 4.3-4.7 eV and 4.1-4.3 eV respectively.63, 
64 
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Figure 4.13: Energy level diagram of inverted solar cell utilising gold, silver or aluminium electrodes. Aluminium 
and silver work functions were taken as the average between reported values. Gold work function was taken as 
the commonly accepted value. 
 
These differences in work function should make silver and aluminium less suitable for incorporation 
into solar cells where hole transfer from a deep VB state must occur. However, it should be noted 
that silver has already been utilised effectively as an electrode in a number of solar cell 
configurations.67, 68 Here, we compare the effectiveness of gold, silver and aluminium as potential 
electrodes for use in inverted solar cells. 
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Figure 4.14: (a) J-V curves, (b) power conversion efficiencies and (c) normalised parameters, JSC (red circles), VOC 
(blue squares) and FF (green triangles) for devices incorporating gold, silver or aluminium electrodes. 
 
Figure 4.14a shows the J-V curves of devices incorporating gold, silver and aluminium evaporated 
onto PEDOT:PSS under high vacuum. Remarkably, they are almost equivalent in their efficiencies and 
parameters (figures 4.14b and 4.14c) although a slight decrease in the performance of devices 
incorporating aluminium is observed as a result of decreased JSC. This phenomenon is consistent with 
behaviour observed in the literature where the active layer is separated from the electrode by the 
introduction of a metal oxide buffer.69, 70 If there is direct contact between the electrode and the 
active layer charge transfer could be heavily influenced by the creation of an unintentional Schottky 
barrier limiting current extraction and attainable voltage.71 The introduction of a buffer removes this 
interface and replaces it with two; one between the buffer and the active layer and the other 
between the buffer and the electrode. Any band bending that occurs does not appear to be 
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detrimental at these interfaces and may even be beneficial.71 This effectively removes the influence 
of the metal work function on the behaviour of the cells, leaving hole extraction to be determined by 
the contact between the active layer and the buffer, in this case, the hole selective material 
PEDOT:PSS. It becomes apparent that further improvement in device performance may rely on the 
driving force for hole transfer. The PEDOT:PSS work function sits at 5.1-5.4 eV very close to the 
HOMO of P3HT and possibly hindering hole transfer.72 Ensuring that the energy offset at this 
interface facilitates facile charge transfer should result in optimum device function within the limits 
of the active layers potential. Following this experiment, it was deemed prudent to replace gold with 
silver as the electrode in all future experiments, due to the acceptable ambient stability and 
improved cost effectiveness. 
 
4.4 Conclusion 
 
In this chapter, the introduction of an extra layer comprised of CdS was shown to lead to superior 
device performance. Upon application it was observed that both JSC and VOC of devices were 
improved. These improvements were believed to be the result of an improvement in extraction 
efficiency of charges from the active layer leading to a reduction recombination. A reduction in JSC 
was observed as the thickness of the CdS layer increased. This was attributed to either the filtering 
of useful blue photons by the CdS layer or a redistribution of the optical electric field leading to 
lower charge generation in the active layer. 
Further optimisation of the electron selective layer highlighted the availability of a wide range of 
metal oxide materials that function comparably and favourably. It was shown that as long as the 
conduction band did not provide an energetic barrier to electron extraction and the layer was 
sufficiently transparent and conductive then it would not provide a limitation on device function. 
The use of PEDOT:PSS was established as currently the primary choice for a hole selective layer due 
to its superior performance in devices relative to other potential materials investigated. The 
application of PEDOT:PSS was possible due to an improvement in the wetting of the spinning 
solution with the application of the surfactant Zonyl. It was demonstrated that PEDOT:PSS was 
relatively insensitive to Zonyl concentration and sonication while marginally affected by exposure to 
low heat. 
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Finally, the evaporation of gold, silver and aluminium yielded devices with the very similar 
efficiencies.  Such similarities were in spite of their vastly differing work functions and a result of 
domination of the hole extraction properties of the device by the PEDOT:PSS layer on which they sat. 
It was therefore determined that silver would be appropriate for use in the role of the top electrode 
due to its relatively low cost and insensitivity to degradation. 
In conclusion, investigation has been made into the influence of the supporting layers of the solar 
cell architecture. The overall architecture was improved and the important material properties for 
each layer have been identified. This work will form the basis for architectural design in future 
investigations of polymer-sulfide nanocomposite solar cells. 
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Chapter 5: 
Investigations of the Influence of Changing Parameters on the 
Behaviour of CdS/P3HT Nanocomposite Blends 
 
 
The properties of a photoactive combination of materials are not solely dictated by the suitability of 
their intrinsic electronic properties. In this chapter investigations are conducted into a variety of 
processing parameters via their effects on both the photophysical properties of P3HT/CdS blend films 
and the performance of devices. This work will primarily focus on affecting the decomposition 
conditions of the xanthate precursor by changing the annealing environment and temperature as 
well as the xanthate ligand itself. Furthermore studies conducted into the influence of both thickness 
and composition on the photoactive blends will be presented. 
 
 
5.1 Introduction 
 
It is insufficient to expect that the combination of two, seemingly complementary, materials for use 
as a photoactive layer in BHJ solar cells should result in high efficiencies. The processing of these 
materials is often as important as the material choice itself due to the morphological constraints 
imposed on many PV systems. As a result, altering the fabrication conditions has been commonly 
used as a tool to affect a change in the properties of active layers and thus the performance of the 
corresponding solar cells.1-3 For instance, much work has been conducted on the optimisation of 
P3HT/PCBM and other polymer/fullerene systems. Studies have shown a sensitivity of these systems 
to a number of parameters such thermal annealing,4, 5 changes in active layer composition,5, 6 
processing solvents7, 8 and a variety of other factors.3, 6, 9 In order to assess the potential of any new 
material systems for PV application one must investigate the degree to which their behaviour may 
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be influenced by variation in processing conditions. A better understanding of these effects will help 
to identify those conditions that give rise to an optimum device performance and allow more 
appropriate intersystem comparisons to be made. 
The performance of hybrid PV’s are similarly subject to the influence of processing and thus there 
have been many optimisation studies reported in the literature.10-13 It became apparent that hybrid 
systems, incorporating inorganic nanostructures, were affected by other factors not relevant in 
OPV’s such as nanoparticle shape and choice of capping agent.12, 14 However, the in-situ 
methodologies described in this thesis (see chapter 2) and have been developed relatively recently 
and therefore there is comparatively less literature.15 As a result such comparisons cannot be easily 
drawn for solar cells made from these fabrication strategies. Particularly, prior to this work no 
optimisation studies had been conducted on the use of xanthates in solid state sulfide formation for 
application in solar cells, initially reported by Leventis et al.16 Clearly, the conditions for optimisation 
of one set of materials are not universally applicable to all systems. Therefore, work was undertaken 
to explore the parameter space for the CdS/P3HT system with the aim of improving the 
understanding of the effects of changing fabrication conditions on the behaviour of the system. This 
would assist in identifying the conditions that produce the optimum device performance and allow a 
realistic comparison with the literature.  
 
 
5.2 Experimental 
 
The devices reported on in this chapter were fabricated as described in the chapter 3, however, with 
the substitution of gold for silver as the electrode of choice. Furthermore active layer fabrication was 
also conducted as described in chapter 3 except where stated otherwise in the text. Xanthate 
decomposition, initiated in solution, was conducted for only 10-15 minutes at 160 oC in 
chlorobenzene. Longer solution annealing times led to the formation of large aggregates and devices 
that shorted. ‘Hi PDI’ (high polydispersity) polystyrene was made by the combination in equal parts 
of the other polystyrene molecular weights. 
In films of the active layer, changes were made to the annealing temperature, composition and 
thickness. Changes in annealing temperature were simply achieved by altering the temperature of 
the hotplate in use. Changes in composition were achieved by altering the relative proportion of 
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P3HT and the CdS precursor in the blend solution. Compositions used are reported in % CdS loading 
which is the proportion of the volume of the film occupied by CdS. This was calculated from the 
relative densities of P3HT and bulk CdS (taken as 1.1 gcm-3 and 4.8 gcm-3 respectively) and the 
masses used of each in the blend solution. Moreover it was assumed that the ratio would be 
unchanging during the deposition process. Changes in film thickness were achieved through 
alteration of the spin coating procedure, by way of modification to the spinning speeds and 
concentration of the spinning solutions, and verified by profilometry. 
Transient absorption measurements were conducted by pumping samples at 510 nm, predominantly 
exciting the polymer component, in all cases except where stated. Samples were probed at 980 nm 
to monitor the transient signal of the P3HT hole polaron. Where 1 µs averaged TAS data is shown, 
these averages were taken of the change in optical density from 0.9 µs to 1.1 µs. All errors shown on 
data points are taken as one standard deviation from the mean, with the exception of the 
profilometry measurements where the error is the difference between the furthest outliers. 
It should also be noted that all J-V curves displayed below are of the best performers in each study. 
 
 
5.3 Results and Discussion 
 
5.3.1 The Effects of Xanthate Decomposition in Solution and the Solid State on the 
Photophysical Properties of CdS/P3HT Films and Devices 
 
The choice of capping agents, utilised on the surface of nanoparticles, although facilitating good 
dispersion has been shown to detrimentally influence the processes of charge generation and 
transfer in photoactive blends.17 The use of a xanthate precursor to form inorganic structures within 
a blend is an attractive one as it enables the formation of the BHJ without these capping agents. 
Overcoming this obstacle does not, however, necessitate the formation of a sulfide network in the 
solid state. Nanoparticles have successfully been capped by their polymer counterpart in solution on 
more than one occasion.18, 19 In fact, CdS nanoparticles have been synthesised in the presence of 
P3HT, facilitating direct capping of the nanoparticles with the polymer in a one pot process. Solar 
cells made from this synthesis reportedly achieved very promising efficiencies.20 Furthermore, 
xanthate use has also been reported in the literature for the formation of metal sulfide nanoparticle 
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suspensions.21, 22 It was therefore determined that initiating CdS formation in solution may be 
preferable to that in the solid state.  
A comparison of active layer formation using cadmium xanthate was made, annealing either before 
(process ‘A’) or after film deposition (process ‘B’) or both (process ‘C’). The J-V curves, efficiencies 
and other parameters of devices made for this comparison are shown in figures 5.1a-c. It can be 
seen that annealing of the solution only results in very low efficiencies primarily due to negligible 
photocurrents in process ‘A’ devices. Additionally, the fill factor and VOC are reduced compared to 
the other devices. Solution and film annealing together yield a performance that is comparable yet 
lower than those annealed as films only, due to a reduction in the VOC. 
  
 
Figure 5.1: (a) J-V curves, (b) power conversion efficiencies and (c) normalised parameters, JSC (red circles), VOC 
(blue squares) and FF (green triangles) of devices where the active layer was annealed in solution, or as a film 
or both. (d) TAS kinetics and (e) absorption spectra of the corresponding photoactive films. 
 
Figure 5.1d shows the TAS kinetics of the films under investigation. Measurement of films subjected 
to process ‘A’ yielded no observable charge. In comparison, films that were subjected to either 
processes ‘B’ or ‘C’ produced comparable numbers of polarons and lifetimes. This is consistent with 
the measured device JSC’s. The corresponding absorption spectra are shown in figure 5.1e. One 
would expect as an indicator of the presence of CdS an increase in the absorption between 
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400-500 nm. It can be seen that the absorption of the process ‘A’ blend is only slightly higher than 
the unannealed sample in this region and lower than those that underwent process ‘B’ or ‘C’. 
Moreover the large absorbance feature rising at 350 nm is consistent with the presence of the 
xanthate precursor in the film. This indicates that the xanthate decomposition process had not 
proceeded sufficiently to generate the quantities of CdS necessary to make a reasonable photoactive 
sample. In the literature much longer annealing times were used to synthesise nanoparticles form 
xanthate precursors,22 however here longer annealing times were not favourable due to aggregation 
of the CdS and shorting when incorporated into devices. This may be in part because the 
concentrations used in the literature were less than half those used here but also because the 
amines, in which the synthesis took place, would have acted efficiently to stabilise the particles. It is 
possible that more precise control of the decomposition conditions must be exercised in order to 
achieve a useable suspension without instigating aggregation. 
Turning our attention to the other samples subjected to process ‘B’ or ‘C’, the significant differences 
between them are clearly illustrated by their contrasting absorption spectra. It is apparent that the 
process of annealing in solution has had some effect on the P3HT transitions which appear more 
pronounced and proportionately greater than the transitions attributed to CdS. The differences in 
these spectra suggest that the composition of the films is different with a relatively greater 
proportion of P3HT being present in the film that underwent process ‘C’. The existence of a shoulder 
at ~475 nm is also evident in the spectrum of this film (and in the film subjected to process ‘A’). 
Interpretation of the origin of this transition is not trivial, however, as it is unlikely to arise from CdS 
absorption (as it is shared with the process ‘A’ sample which had relatively little CdS in it), must 
reside from changes in the electronic properties of the P3HT. The blue shifted position of the 
shoulder implies that a conformationally strained or amorphous state has arisen not dissimilar to the 
absorption properties of a low regioregularity P3HT.23 TEM measurements were not conducted so 
elucidation of the morphology is not possible; however, similar charge generation and JSC’s between 
the samples suggest that differences in overall morphology are not significantly influencing 
behaviour. It is possible that these conformationally distorted states (which are likely not observable 
with TEM) act as sites that contribute to enhanced field dependent recombination leading to a 
reduction in VOC.
24, 25 It appears that, although, in the literature the formation of nanoparticles in the 
presence of P3HT has led to favourable solar cell performances, partial decomposition of the 
xanthate causes a reduction in the VOC of devices. Further work facilitating significant xanthate 
decomposition in solution without aggregation would be required in order to achieve blends 
comparable to those where decomposition is carried out in the solid state. 
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5.3.2 The Effects of Xanthate Decomposition Temperature on the Photophysical 
Properties of CdS/P3HT Films and Devices 
 
As the key step in the formation of the active layer is the decomposition of the xanthate, efforts 
were directed towards understanding this process and its effects on device function. Decomposition 
of xanthic acid and its derivatives, in solution, have been widely accepted as taking place via the 
Chugaev mechanism.26, 27 However, decomposition of metal xanthates in the solid state has yielded 
by-products that cannot be explained by a Chugaev like decomposition mechanism.28 This leads to 
the implication that multiple competing decomposition mechanisms may be at work. It is feasible 
that the competing rates of reaction for the different decomposition mechanisms show differing 
temperature dependences and therefore temperature might be used as a parameter by which to 
exercise some control on the morphology of the system and thus the physical characteristics 
exhibited.  
Figure 5.2 shows the position of the absorption peak of samples of CdS formed from the 
decomposition of the xanthate precursor in different molecular weights and polydispersities of 
polystyrene (PS). These were determined from the differential of the absorption spectra of each 
sample. A red shift in the absorption onset of the CdS, from ~410 nm to ~455 nm, is observed with 
increasing temperature with every polydispersity of PS used. Moreover, no further shifts in 
absorption onset are observed as a function of the molecular weight or polydispersity of the PS. It 
would appear that the decomposition process is indeed sensitive to temperature however 
unaffected by the local environment as far as polymer chain length and distribution are concerned, 
at least in the case of an inert polymer. Within the size range of the CdS crystallites where quantum 
confinement occurs, a red shifting in the absorption spectrum with increasing temperature would be 
consistent with an increase in the size of the particles formed.29-31 
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Figure 5.2: Positions of the absorption peak for CdS in CdS/PS blends as a function of xanthate decomposition 
temperature. 
 
Blends of CdS/P3HT were fabricated with annealing at various temperatures. Figure 5.3 shows TEM 
images of films; unannealed, and annealed at 105 oC, 120 oC and 160 oC (a-d respectively), where the 
dark regions correspond to higher concentration of CdS and the light regions a higher concentration 
of P3HT. In the unannealed sample the image contrast is low implying that the xanthate precursor is 
fairly evenly dispersed throughout the polymer matrix. In the sample annealed at 105 oC large 
impure domains of CdS can be seen that are well separated. As the annealing temperature is 
increased to 120 oC the domains become smaller and closer together. At 160 oC the domains have 
become even smaller and appear to contact one another in some regions of the film. 
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Figure 5.3: (a-d) TEM images of CdS/P3HT blends; unannealed and annealed at 105
o
C, 120
o
C and 160
o
C 
respectively. Regions dominated by CdS are darker while those with predominantly P3HT are lighter. 
 
In contrast to what was expected from the CdS absorptions in PS, it is clear that as the temperature 
is increased the CdS regions reduce in size and become increasingly more interspersed within the 
polymer. In this case a red shift in the absorption may imply a greater interconnectedness of the CdS 
rather than the formation of discrete particles. It is suggested that the decomposition of the 
xanthate within the polymer matrix is governed by two main and competing processes; namely, the 
competition between nucleation of CdS centres (via a number of possible mechanisms) and the 
growth of those centres, as proposed in the literature.22, 32   It would appear that at lower 
temperatures the nucleation rate is slower and results in the formation of a smaller number of larger 
CdS formations. As the temperature is increased the rate of nucleation increases in kind leading to 
the generation of a greater number of smaller crystallites. The ability for these crystallites to connect 
to one another may be facilitated by their small size or by the looser packing of polymer chains at 
higher temperatures. 
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TAS measurements were also conducted as a function of annealing temperature. Figure 5.4a shows 
TAS kinetics of samples annealed between 105 oC and 160 oC corrected for the number of photons 
absorbed by each sample.  Within this temperature range hole polaron yields increase within 
increasing annealing temperature. At low annealing temperature, the regions of P3HT and CdS are 
large and the interface relatively minimal. Excitons may be generated too far from an interface to 
contribute to charge generation resulting in wasted absorption and a lower charge generation yield. 
As the temperature of annealing is increased the domains become smaller and the relative interface 
between CdS and P3HT increases. Excitons are more likely to form at a distance to the interface that 
is within their diffusion length resulting in a relative increase in charge generation. This is consistent 
with the picture proposed previously. 
 
 
 
Figure 5.4: TAS kinetics corrected for absorbed photons of CdS/P3HT films annealed at a range of 
temperatures. (a) 105 
o
C, 120 
o
C, 140 
o
C and 160 
o
C. (b) 120 
o
C, 160 
o
C, 200 
o
C and 240 
o
C. 
 
In a separate study the charge generation properties of samples, annealed at a wider range of 
temperatures, were investigated (figure 5.4b). Films annealed at 120 oC produced relatively little 
charge compared to the other films. Films annealed at higher temperatures produced effectively 
equivalent quantities of polarons. Therefore, it would appear that utilising annealing temperatures 
above 160 oC have little effect on the charge generation properties of the films. It is possible that the 
CdS morphology between these samples is comparable. One could imagine that at higher 
temperatures the growth becomes kinetically hindered and nucleation dominates the 
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decomposition process. This could be followed by an Ostwald ripening type process leading to a 
minimum crystallite size independent of temperature.33 Such speculation could be verified in the 
future through TEM investigations. 
 
 
Figure 5.5: (a) J-V curves, (b) power conversion efficiencies and (c) normalised parameters, JSC (red circles), VOC 
(blue squares) and FF (green triangles) of devices as a function of annealing temperature. (d) Absorption 
spectra for samples annealed at 120 
o
C, 160 
o
C, 200 
o
C and 240 
o
C. 
 
The effect of annealing temperature of the active layer on device J-V curves is shown in figure 5.5a. 
As the temperature is increased the efficiency of the devices (figure 5.5b) follows suit up to 160 oC 
where a small plateau persists between 160 oC and 200 oC after which the devices begin to worsen. 
A similar trend is displayed by the JSC and VOC while the fill factor reduces steadily as a function of 
temperature (figure 5.5c). The increase in device performance is consistent with the increase in 
charge generation and extraction as the morphology of the active layer improves. The reduction in 
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performance at temperatures above 200 oC is a result of the decrease in JSC VOC and FF. As charge 
generation is not affected by these high temperatures it is likely that transport has suffered. The 
effect of temperature on the absorption of a blend can be clearly seen in figure 5.5d. As the 
temperature increases the absorption associated with the polymer is drastically reduced. While the 
transitions associated with π stacking and polymeric order in the film are clearly still present the 
effect on devices is not significant. However, at 240 oC, which is past the reported melting 
temperature of pristine P3HT, the absorption features are not easily distinguished.34 Indeed, it is 
likely that the melting temperature of the polymer in the blend is substantially reduced, as has been 
observed in other systems.35 The resultant prevalent polymer conformations are likely to inhibit 
device performance by reducing the mobility of charges and increasing the density of recombination 
sites in the active layer. The most appropriate temperature appears to be one at which the 
formation of an interconnected network of CdS particles with a small domain size is achieved while 
not detrimentally affecting the polymer. 
 
 
5.3.3 The Effects of Changing Composition on the Photophysical Properties of CdS/P3HT 
Films and Devices 
 
We now turn our attention to the influence of the relative amounts of each component within the 
active layer. In polymer/fullerene systems the composition ratio has been shown to have a 
significant effect on film morphology and on all device parameters.6 Study of this phenomenon in 
CdS/P3HT blends is likely to have similar influence on the electronic and morphological properties of 
the system which key to effective optimisation. 
Solutions of the xanthate precursor and P3HT were mixed in varying proportions to produce a range 
of volume ratios of CdS to P3HT within the blend film (as discussed in section 5.2). The absorption 
spectra of the resulting films are shown in figure 5.6. As the CdS content is increased the absorption 
associated with the presence of CdS is increased and the P3HT transitions are reduced confirming 
that a change in films make up has been achieved. 
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Figure 5.6: Absorption spectra for samples made with 30 %, 40 %, 50 %, 60 %, 70 % and 80 % CdS by volume. 
An increase in the absorption features around 400 nm correspond to an increase in the presence of CdS. 
Similarly, a decrease in the absorbance between 500-600 nm corresponds to a reduction in the P3HT content of 
the films. 
 
Consequently, the effects of changing composition on the morphology of the blends must be 
investigated. Figure 5.7a-c show the TEM images of films created at 30 %, 50 %, and 70 % CdS 
volume fraction respectively. As the CdS content is increased a significant change in the morphology 
is observed. At 30 % CdS volume fraction large connected lighter regions can be observed. The 
lighter regions correspond to an increased proportion of P3HT indicating that due to the low CdS 
content the P3HT is not effectively intermixed with the CdS. The 50 % CdS film displays a thorough 
intermixing of the two components with a small number of light regions apparently dominated by 
P3HT. At the high CdS volume fraction no regions of P3HT are clearly visible, making it appear that a 
significant proportion of the P3HT must reside within a short distance of CdS (this will be 
investigated further in chapter 6). 
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Figure 5.7: (a-c) TEM images of CdS/P3HT blends; composed of 30 %, 50 % and 70 % CdS respectively. Regions 
dominated by CdS are darker while those with predominantly P3HT are lighter. 
 
This clear variation in morphology was investigated by TAS. Kinetic traces were taken for films as a 
function of blend composition and are shown in figure 5.8a. As the CdS content is increased the 
amount of charge generated also increases up to 60-70 % CdS before dropping at 80 % CdS loading. 
The lifetime of the charges is also increased as the composition is increased from 60 % to 80 % CdS.  
 
 
 
Figure 5.8: (a) TAS kinetics of CdS/P3HT films of varying compositions. (b) Corresponding TAS kinetics corrected 
for the photons absorbed by the samples. 
 
Once the light harvesting efficiency of the films is taken into account the influence of morphology 
becomes more apparent (figure 5.8b). A clear increase in the polaron yield is observed as the CdS 
content is increased. This is because as the CdS content is increased the morphology tends more 
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towards a smaller polymer domain size, as implied by the TEM. Excitons generated in these smaller 
domains are more likely to find and dissociate at an interface by virtue of their short diffusion 
lengths. The observation of increased polaron lifetime at higher CdS loadings is possibly due to the 
increased separation of charges.36  Electrons in CdS are more likely to move away from the interface 
faster than holes in the P3HT, due to their high mobility, and this may be facilitated by the increase 
in CdS domain size.37 The reduction, in real terms, of charge generation in the 80 % CdS blend may 
also just be due to the low absorption of the polymer component compared with the other films. 
The effect of the variation of blend ratio on device J-V curves, PCEs and parameters is shown in 
figures 5.9a-c respectively. As the CdS component is increased from 30 % to 50 % volume fraction, 
there is a respective increase in the PCE due to an increase in the JSC. From 50 % volume fraction of 
CdS upwards the JSC plateaus and then falls leading to a fall in PCE. A decrease in fill factor is 
observed while an increase in VOC is observed with increasing CdS content, overall resulting in a 
lower PCE at 60 % CdS than at 50 % CdS in spite of an equivalent current.  
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Figure 5.9: (a) J-V curves, (b) power conversion efficiencies and (c) normalised parameters, JSC (red circles), VOC 
(blue squares) and FF (green triangles) of devices as a function of varying active layer composition. 
 
The change in fill factor is likely the product of an increase the presence of trapped charge within the 
active layer, an effect that is exacerbated by the further increase in CdS content.38 Changes in VOC 
could be the result of a number of effects. The changing blend ratio is likely to influence the overall 
charge and trap densities within the active layer having a profound effect on the recombination 
dynamics within the cell and it has been shown by Maurano et al that these factors are capable of 
heavily influencing the VOC.
25 Alternatively, there may be a change in the driving forces for exciton 
dissociation within the system as the CdS domains increase in size making charge generation more 
facile.39  
In summary, the optimum composition was found to contain 50 % CdS by volume. This was because 
as the CdS content in the composition increased better intermixing of the CdS and P3HT was 
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achieved. A better intermixing led to an increase in the generation of charge and device JSC. As CdS 
loading went beyond 50 % the devices began to suffer due to poor charge extraction and a reduction 
in fill factor. 
 
 
5.3.4 The Effects of Active Layer Thickness on the Photophysical Properties of CdS/P3HT 
Films and Devices  
 
In organic BHJ systems thickness effects have been strongly linked to the mobility of the charge 
carriers, whereby higher charge mobilities allow for thicker optimum films.40 Studies on active layer 
thickness in these systems have all yielded optimum device thicknesses of only 70-120 nm and 
further increases in thickness have consistently resulted in reduced device performances.41-43 These 
limits on active layer thickness have not only been attributed to mobility but also the density of 
defects as well as the distribution of the optical electric field throughout the active layer.41, 44 A 
change in the thickness of the active layer is expected to determine the extent of light absorption 
and effective percolation of the charges moving through the components and thus the performance 
of devices. An optimum thickness, where the appropriate balance of absorption and percolation are 
made must be identified.  
Thickness variation was achieved in CdS/P3HT (50 % CdS) blends through changes in spin speed and 
concentration of initial spinning solution. The relationship between the conditions employed and the 
resulting measured thicknesses can be seen in figure 5.10 and table 5.1. Errors here are indicators of 
the degree of variation in measured thickness observed relative to the average (on the order of 
±20 nm) and not taken from the standard deviations due to a lack of data points. 
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Figure 5.10: Thickness measurements on films deposited at different spin speeds or concentrations by 
profilometry. Details of designations are given in table 5.1. 
 
Designation Thickness Spin Speed Solution Concentration 
 (nm) (rpm) (mgml-1) 
S1 230 1000 212.5 
S1.5 210 1500 212.5 
S2 190 2000 212.5 
S2.5 170 2500 212.5 
S3 150 3000 212.5 
C75 180 1000 159.4 
C50 120 1000 106.3 
C25 40 1000 53.1 
 
Table 5.1: Table of conditions utilised to affect a change in the film thickness and corresponding designation for 
figure 5.10. 
 
Changes in spin speed altered the measured thickness by approximately 20 nm for every extra 
500 rpm. The effects of changing concentration were greater, showing changes of 50 to 80 nm per 
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step change in concentration. The corresponding device J-V curves, efficiency and normalised 
parameter data is displayed in figures 5.11a-c respectively. 
 
 
Figure 5.11: (a) J-V curves, (b) power conversion efficiencies and (c) normalised parameters, JSC (red circles), VOC 
(blue squares) and FF (green triangles) of devices as a function active layer thickness. 
 
At the lowest thickness device function is compromised as indicated by the relative drop in fill factor 
and VOC. This layer was measured to be less than 50 nm and is likely to be more susceptible to 
damage due to particulates from the environment or caused by electrode penetration into the active 
layer during evaporation leading to considerable shunting effects.45 As the thickness of the active 
layer is increased the efficiencies also improve up to a thickness of 170 nm beyond which device 
performance plateaus. This is predominantly due to an increase in the photocurrent and in contrast 
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to much of the literature, in which optimum device thickness is substantially reduced. At thicknesses 
above the optimum JSC’s and FF’s are reported to decline however, here, JSC is highest at thicknesses 
over 200 nm. A similar observation has been made in P3HT/PCBM systems where device JSC’s and 
PCEs increased up to a thickness of 200 nm, by Moulé et al. They also report on the influence of the 
optical electric field leading to improved device performance in thinner films. However, the optical 
interference effects described by Moulé et al are not observed here.44 Importantly, these effects are 
most substantial between 80-120 nm; a thickness range relatively unexplored in this study, and 
therefore cannot be commented on. Explanation of the observed plateau at higher thicknesses 
requires an examination of the thickness dependence of the photophysical properties of the active 
layer films.  
In a separate study, the relationship between charge generation and thickness was investigated. 
Profilometry measurements were not conducted on these films and so they have been designated 
‘Low’, ‘Medium’ or ‘High’ thickness. The corresponding absorption spectra are shown in figure 5.12a. 
Comparison of the shapes of the spectra are made through normalisation and shown in figure 5.12b. 
The absorption spectra of the ‘High’ and ‘Medium’ thickness films do not show significant shifts in 
the positions or magnitudes of their characteristic peaks. It is therefore likely that changes in 
thickness within this range do not influence the CdS formation process or film morphology to a great 
extent. At low thickness, however, peaks around 560 nm and 610 nm are relatively more 
pronounced. These represent a change in the conformation and ordering of P3HT chains and suggest 
a difference in morphology with respect to the other samples.46 
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Figure 5.12: (a) Absorption spectra (b) normalised absorption spectra of ‘low’, ‘medium’ and ‘high’ thickness 
CdS/P3HT films. (c) TAS kinetics and of corresponding films and (d) 1 µs time averaged TAS mΔA’s of films 
corrected for the light harvesting efficiency (photons absorbed) of the samples. 
Figure 5.12c shows the transient kinetics for the decay of the P3HT hole polaron at different 
thicknesses. As would be expected, with an increase in the film thickness an increase in charge 
generation is observed. However, this continual increase in the number of charges present in the 
film does not correlate with the plateauing device JSC’s. If one corrects the TAS kinetics for photons 
absorbed by the samples the differences in signal are not rectified (figure 5.12d). Thus, it appears 
that charge generation in thinner films is less efficient than in thicker ones and even worse than 
expected from their absorption. It must be stressed that the reasons for this are not known, 
however further investigation into the relationship between the change in absorption profile at 
lower thickness and the potential related morphological disparities may shed some light on this. 
Superior charge generation in thicker films may be offset by worsening percolation leading to 
relatively similar JSC’s in thicker films. Concomitantly, it is possible that in devices, reflection of the 
transmitted light at the back contact acts to increase absorption in the active layer. This would 
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increase charge generation to a greater extent in thinner films leading to relative improvement in 
their JSC’s, while the effects of reflection are minimal in the thickest films.
47 
In summary, thickness dependence of the active layer on solar cell performance was investigated. In 
contrast to the literature, optimum thickness was found to be significantly higher than in organic 
systems. This is because current extraction in devices is not reduced as thickness is increased within 
the range explored. It is likely that the detrimental processes that play a critical role in determining 
the extent of percolation in organic systems do not apply or are offset by the apparent improvement 
in charge generation efficiency of thicker films. 
 
 
5.3.5 The Effects of Xanthate Chemical Structure on the Photophysical Properties of 
CdS/P3HT Films and Devices 
 
The specific mechanisms of xanthate decomposition in the solid state are still unknown due to the 
inability of any proposed mechanism to explain the wide range of products formed.28 It has been 
proposed that a Chugaev like shifting of electron pairs plays some role in the decomposition 
process.22 However, this cannot explain the formation of some products observed in the literature, 
such as carbonyl sulfide, implying the contribution of other competing mechanisms. Predicting the 
influence of xanthate structure on its decomposition properties is not trivial. However, work has 
been conducted demonstrating a significant change in the complexity of the decomposition process 
as a function of alkyl chain length and branching on the xanthate.32 It is therefore reasonable to 
expect that such changes in the chemistry of the xanthate will correlate with changes in the physical 
properties of the blend films in which they are utilised. 
Up to this point, an O-ethyldithiocarbonate (1) ligand has been used that required the presence of 
pyridine to achieve practical levels of solubility. An alternative xanthate functional group, O-2,2-
dimethylpentan-3-dithiocarbonate (2), is employed that is sufficiently soluble in the absence of 
pyridine. Here a study will be presented on the properties of films and devices using this new 
xanthate in order to determine the potential effects of ligand choice on the in-situ methodology. The 
structures of these two xanthates are illustrated in figure 5.13. 
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Figure 5.13: Chemical structures of (1) O-ethyldithiocarbonate and (2) O-2,2-dimethylpentan-3-dithiocarbonate 
cadmium sulfide precursors. 
 
Firstly, the temperature dependence effects on the behaviour of 2 were examined. Temperatures of 
120 oC, 160 oC, 200 oC and 240 oC were chosen and devices and films fabricated. Figure 5.14a and 
5.14b show the PCEs and device parameters as a function of changing annealing temperature, 
respectively. 
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Figure 5.14: (a) J-V curves, and (b) power conversion efficiencies of devices, utilising xanthate 2, as a function of 
annealing temperature (black squares) with xanthate 1 comparison (grey squares). (c) Corresponding 
normalised parameters, JSC (red circles), VOC (blue squares) and FF (green triangles). 
 
At an annealing temperature of 120 oC the efficiency is very low as a result of low JSC. As the 
temperature is increased the PCEs increase from below 0.6% at 160 oC to ~0.7 % at 200 oC and 
240 oC. The JSC is seen to rise with annealing temperature while the fill factor is highest at 160
oC and 
then decreases. The VOC remains relatively constant except at 120 
oC where it is higher. The 
performance of these devices was substantially worse than that observed with 1. Furthermore, the 
trends displayed are in stark contrast as high annealing temperatures do not further detrimentally 
affect device efficiencies.  
An attempt to understand this behaviour is made by inspection of the charge generation yields and 
absorption spectra.  Samples were excited at 510 nm and the polaron signal at 980 nm was 
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monitored. The resultant 1 µs averaged TAS signals corrected for photons absorbed is shown in 
figure 5.15a. No polaron yield is observed at 120 oC while the observed polaron yields and their 
decays are fairly consistent across all other temperatures employed, with only a minimal increase 
with temperature. At 120 oC, a relatively lower absorption in the region associated with CdS 
absorption suggests that the decomposition process was incomplete at this temperature (figure 
14b). As the temperature is increased the CdS absorption increases and a significant reduction in the 
P3HT absorption profile is observed. The mechanism contributing to the loss of P3HT absorption is 
not well understood however it appears to play little role in altering the ability of these films to 
generate charges or for them to be extracted. Interestingly, above 120 oC charge generation yields 
are higher in films utilising xanthate 2 than those observed using 1 although the trends here are 
consistent. 
 
 
Figure 5.15: (a) 1 µs averaged TAS mΔA, corrected for photons absorbed, of CdS/P3HT samples employing 
xanthate 2 (black circles) as a function of annealing temperature with samples  employing 1 for comparison 
(grey circles). (b) Corresponding absorption spectra. 
 
As charge generation appears to be consistent across all annealing temperatures, the observed 
increase in current at 240 oC must be the result of a relatively charge extraction properties. TEM is 
used to investigate the effects of temperature on morphology and can be seen in figure 5.16. 
Remarkably apart from at 120 oC, where it is deemed the xanthate has not fully decomposed, the 
morphology appears very similar. At higher decomposition temperatures the CdS is dispersed to a 
very large extent within the P3HT matrix.  
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Figure 5.16: (a-d) TEM images of CdS/P3HT films made from 2 and annealed at 120 
o
C, 160 
o
C, 200 
o
C and 
240 
o
C respectively. 
 
It is possible that this could lead to a low extent of percolation between CdS aggregates accounting 
for the lower performance of the system overall as compared to 1. The relative similarity in charge 
generation between samples annealed at different temperatures is consistent with the similarity of 
morphology between those samples. The significant differences observed in JSC, which are believed 
to be due to the variation in charge extraction, cannot be easily explained from the data presented 
here. It is possible that conformational variations between the P3HT chains after treating at different 
temperatures, as reflected by the absorption differences, may affect charge transport across those 
regions; however, elucidation of this point requires a more comprehensive investigation. 
Further studies were carried out, varying the CdS content within the P3HT matrix. It was 
hypothesised that percolation of the CdS component would be increased as the content was 
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increased and a resulting improvement in the current would be observed. Devices and films were 
fabricated employing active layers composed of 30 %, 50 % and 70 % CdS loadings by volume. The 
corresponding J-V curves are displayed in figure 5.17a. PCE and parameter data is shown in figure 
5.17b and 5.17c respectively. 
 
 
Figure 5.17: (a) J-V curves, and (b) power conversion efficiencies of devices, utilising xanthate 2, as a function of 
active layer composition (black squares) with xanthate 1 comparison (grey squares). (c) Corresponding 
normalised parameters, JSC (red circles), VOC (blue squares) and FF (green triangles). 
 
The efficiencies of all devices fabricated were similar; however, the 50 % CdS device achieved the 
highest efficiency of 0.4 % in this study. Comparison of the parameters shows that a slight increase 
in JSC compared to the 30 % and 70 % samples and an increase in FF compared to that of the 70 % 
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sample are responsible for the improved device performance. Surprisingly and in direct contrast to 
the behaviour observed with xanthate 1, the influence of composition is not significant on device 
performance. One might have expected an effect on the photophysical properties of the film as a 
function of relative CdS content and so transient absorption measurements were conducted. Figure 
5.18a shows the 1 µs averaged TAS signal corrected for photons absorbed with different CdS 
loadings. 
 
 
Figure 5.18: (a) 1 µs averaged TAS mΔA, corrected for photons absorbed, of CdS/P3HT samples employing 
xanthate 2 (black circles) as a function of composition with samples  employing 1 for comparison (grey circles). 
(b) Corresponding absorption spectra. 
 
As a function of changing composition the polaron yields appear very similar correlating with the 
performance of devices and again showing large disparity between the xanthates. Turning ones 
attention to the absorption spectra significant differences between the samples can be observed 
(figure 5.18b). As CdS content is increased the absorption associated with the CdS, in the bluer part 
of the spectrum, are seen to increase while those associated with the P3HT transitions are reduced 
confirming the changing volume of CdS and P3HT in the films. Furthermore, the distinct P3HT 
absorption features associated with the π stacking transitions and degree of order are lost 
significantly reduced as CdS content is increased. Such differences suggest an observable difference 
in the morphology of the system. Bearing in mind that both polaron yields and device performance 
appear only weakly affected by changing composition, it is possible that morphological effects here 
are not potent enough to facilitate a change in sample behaviour. TEM images were taken of 
samples of the corresponding compositions and are displayed in figure 5.19.  
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Figure 5.19: TEM images of CdS/P3HT films made from 2 with varying CdS content. (a, d) 30 % CdS, (b, e) 50 % 
CdS and (c, f) 70 % CdS where (a) to (c) and (d) to (f) are taken at 10
4
 and 10
5
 times magnification respectively. 
 
Figure 5.19a-c shows the morphological differences between samples constituting 30 %, 50 % and 
70 % CdS loadings (annealed at 160 oC) across micron scale distances, respectively. The white 
dendritic features, which are most prevalent across the whole surface in the 30 % sample, are 
gradually reduced in concentration as the CdS content is increased. These features are, therefore, 
believed to be constituted, predominantly, of P3HT as regions rich in CdS should appear darker. 
Looking at the shorter range order of the films, the morphology around these features becomes 
more indistinguishable (figure 5.19d-f). Considering the similar charge generation efficiencies 
between samples, it may be concluded that the observed differences in long range order play little 
role in the separation of excitons or rather the stabilisation of polarons on the microsecond 
timescale. The similarity of the morphology between the samples at a shorter distance scale, 
particularly around the P3HT morphological features, and the similarity of charge generation 
efficiency suggests that these regions are likely to be where the majority of the charge generation 
occurs. 
It must be remembered that although the charge generation efficiency appears the same the 
absorption between the samples is drastically different. Therefore the observation of the similarity 
in extracted current in devices must be accounted for. It might be that the apparent lower charge 
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generation, in real terms, within the 70 % CdS film could be offset by superior charge generation at 
other wavelengths. Alternatively, it may be suggested that the presence of these P3HT rich dendritic 
features facilitates the effective extraction of charges. Elucidating such possibilities will require 
further studies into the transport properties of these films. 
It has been demonstrated that the in-situ CdS/P3HT system behaviour is very different with the two 
xanthates used. This is typified by comparison of the device current voltage traces for blends 
containing the same volume of active layer components as displayed in figure 5.20. Significant 
differences in JSC, VOC and FF are clearly visible. 
 
 
Figure 5.20: Current voltage traces for best devices fabricated utilising xanthate 1 (filled circles) and 2 (hollow 
circles). 
 
Exploration of the parameter space has yielded not only different morphologies, between the two 
xanthates, but also different sensitivities to exposure to the various conditions investigated. Changes 
in solubility and decomposition temperature as dictated by the xanthate structure are likely to play a 
role in this behaviour. Additionally increasing the number of carbon atoms on the alkyl chain will 
increase the variety of decomposition mechanisms available to the xanthate and subsequently 
introduce different decomposition by-products into the film.32 The effects of these by-products have 
not been considered, however they are likely to modify the properties of the film by acting as 
plasticisers or dopants. It is clear that there is much potential for control of the morphology and 
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photophysical behaviour of the system under investigation. In the future, more systematic 
investigation of the effects of changing the alkyl groups on xanthate ligands and the role of pyridine 
(and its potential substitutes) would be useful for better control of the blend nanostructure and 
photophysical properties. 
 
 
5.4 Conclusion 
 
In this chapter, a series of parameters were varied to explore their effects on device performance. It 
was determined to be preferable to initiate CdS formation within the thin film as opposed to in 
solution. Changing the annealing temperature, at which the xanthate precursor was decomposed 
within the active layer, was shown to alter the charge generation of the films. This correlated with 
an improvement in device performance and was rationalised by the observed change in morphology 
that occurred, tending towards a greater mixing and smaller domain size as temperature increased. 
The optimum temperature was determined to be between 160 oC and 200 oC as differences in 
performance between them were negligible. Above 200 oC further improvements in device 
performance were not achieved due to effects associated with passing the polymer melting 
temperature and reduction of order in the film. Altering the relative CdS to P3HT content was also 
demonstrated to have a significant effect on device performance. The optimum composition was 
shown to contain 50 % CdS loading by volume although the relative efficiency and magnitude of 
charge generation was shown to increase with increasing CdS content. It was postulated that a 
reduction in P3HT percolation accounted for the reduction in extracted current. Furthermore, the 
variation of active layer thickness was shown to have minimal effect on the overall device 
performance, once the threshold of 170 nm had been passed. This was determined to be due to an 
increase in the charge generation yield of thicker films offsetting the worsening percolation. 
Comparison between the O-ethylxanthate ligand (1) with pyridine solubilising groups and a O-2,2-
dimethylpentan-3-dithiocarbonate ligand (2) yielded starkly different behaviours. There appeared to 
be very little influence of annealing temperature on the morphology and charge generation of films 
utilising 2. Changing the composition of the blends employing 2 also yielded similar charge 
generation efficiencies and device performances. Changes were observed in the film morphology 
over micron distances however similar features were observed in all films on the nanoscale 
indicating that this was more likely to be important in determining the properties of the films. 
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Overall, fabrication of devices employing 1 were superior to those employing 2 however alteration 
of the xanthate structure was shown to have potential as a powerful tool for altering film properties.  
In this chapter, the optimised parameters for fabricating CdS/P3HT solar cells from a xanthate 
precursor have been identified. Furthermore, sensitivity of the properties of CdS/P3HT blends has 
been demonstrated for a variety of processing conditions including annealing temperature, active 
layer composition and xanthate structure. The range of performances that can be achieved with 
these materials and fabrication techniques has been elucidated allowing more realistic intersystem 
comparisons. Moreover, a potential route to further improvement has been identified through 
alteration of the xanthate structure. In future studies, changing the alkyl group on the xanthate 
systematically could potentially lead to greater control of the morphology and photophysical 
properties of in-situ grown hybrid systems. 
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Chapter 6: 
Elucidating the Relationship between the Morphology and Electronic 
Properties of CdS/P3HT Blend Films. 
 
 
Solar cell performance is often hindered by processes occurring in cells that cannot be overcome 
easily through optimisation of fabrication conditions. Further improvements at this point lie in the 
use of alternative materials. Shedding light on the processes that are inhibiting superior solar cell 
performance allows a more informed choice of replacement material based on properties that are 
deemed more favourable. In this chapter a comprehensive study on the photophysical properties of 
CdS/P3HT blends is presented. Characterisation of films is conducted using photoluminescence, 
absorption, transient absorption and ultrafast transient absorption spectroscopies. It is found that 
charge generation from excitons in P3HT is strongly morphology dependent while charge generation 
from excitation of CdS is substantially less influenced. Furthermore, it is shown that as overall charge 
generation is improved by changes in the morphology the extractability of those charges is 
diminished. The limitations for this CdS/P3HT system are established and further design rules for 
more efficient solar cells elucidated. 
 
 
6.1 Introduction 
 
Significant interest in solar energy and plastic electronics both industrially and academically, 
worldwide, has led to the steady advancement of reported record efficiencies over the years. Key to 
the improvement in the performance organic solar cells has been development of the understanding 
of the electronic processes that govern device function.1, 2 This is most relevant for those processes 
which occur in the active layer which is relied upon for charge generation and therefore ultimately 
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determines the current output of the cell. Within every system there are limits on the ability for the 
materials to generate useful charge, which cannot be overcome through their optimisation. It is 
therefore important to investigate and identify the factors that may act to limit favourable 
behaviour. Once these become known work can be more easily directed to the creation and 
incorporation of alternative, better suited materials. 
In OPV much work has been conducted elucidating the relationship between charge generation, 
energetic driving forces and morphology.3-5 This work showed that the photophysical properties of 
films and devices could be significantly influenced by polymer or small molecule structure and the 
resultant changes in the order or energetic landscape of blend films. Investigations have also been 
made into the loss processes most limiting of device performance. Many publications have shown 
non-geminate recombination to be a significant factor in determining the fill factor and therefore 
efficiency of these devices.6-8 This has led to an improved understanding within the field of the 
challenges that must be overcome, a valuable insight that will undoubtedly lead to further gains. 
In contrast to the amount of work done on organic systems, relatively little has been conducted on 
hybrids in terms of elucidating the electronic behaviour of these types of system. Hybrid systems 
incorporating inorganic, and generally nanostructured, acceptor material began being employed for 
the purpose of improving light harvesting and charge transport throughout the active layer.9 The 
design rules for the ideal morphology of these systems borrowed heavily from those of the fully 
organic systems in the form of the ideal BHJ. However, it should be noted that the intrinsic physical 
properties of organic and inorganic films differ significantly in terms of the development of 
electronic band structure and charge interactions.  It is therefore plausible that what may be 
considered ideal in the case of an organic system may be suboptimal in a hybrid. Conducting 
spectroscopic investigations on these systems will shed light on the electronic processes that appear 
to dominate. Such investigations should lead to a greater understanding of where device 
performance is being hindered and enable a refinement of the current design rules employed in 
hybrid active layer design.  
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6.2 Experimental 
 
Devices were fabricated as described in chapter 3, except where stated otherwise. Changes in 
composition were achieved by altering the relative proportion of P3HT and the CdS precursor in the 
blend solution. Compositions used are reported in % CdS loading which is the proportion of the 
volume of the film occupied by CdS. This was calculated from the relative densities of P3HT and bulk 
CdS (taken as 1.1 gcm-3 and 4.8 gcm-3 respectively) and the masses used of each in the blend 
solution. Moreover it was assumed that the ratio would be unchanging during the deposition 
process. Transient absorption measurements were conducted by pumping samples at 510 nm and 
probing at 980 nm, in all cases except where stated. Where 1 µs averaged TAS data is shown, these 
averages were taken of the change in optical density from 0.9 µs to 1.1 µs. Where femtosecond TAS 
measurements are displayed pump and probe wavelengths are specified in the text. All errors shown 
on data points are taken as one standard deviation from the mean of the data sets. 
 
 
6.3 Results and Discussion 
 
6.31 Investigations on the Excitation Wavelength and Morphological Dependence of 
Charge Generation 
 
In chapter 5, the influence of active layer composition on the device performance and morphology 
was presented. This work was only a fraction of the investigations conducted on this particular 
system, more of which will be discussed in the following pages. Here, a comprehensive investigation 
is made into the morphological and electronic properties of films made from different CdS/P3HT 
ratios. Figure 6.1a shows the absorption spectra of blend films as a function of % CdS volume.  As the 
CdS content is increased a rise in absorption of the bluer part of the spectrum and a simultaneous 
decline in P3HT absorption are observed.  
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Figure 6.1: (a) Absorption spectra for samples made with 30 %, 40 %, 50 %, 60 %, 70 % and 80 % CdS by volume 
and (b) normalisation at 550 nm to elucidate the change in the strength of the lowest energy transition with 
changing composition. 
 
Normalisation at 550 nm, where only P3HT absorbs, allows a more direct comparison of P3HT 
transitions (figure 6.1b). It becomes apparent that the characteristic P3HT transition at ~610 nm 
decreases to an even greater extent than the other P3HT transitions as the CdS content is increased. 
This peak arises due to π-stacking interaction between polymer chains, and gives an indication of 
polymeric order within the film.10 A reduction in the strength of this peak suggests that the P3HT is 
losing order and becoming more amorphous as the CdS content is increased.  
 
 
Figure 6.2: PL spectra corrected for light harvesting efficiency for samples with varying CdS loadings from 
excitation at (a) 550 nm and (b) 610 nm. (c) Corresponding PL quenching as a function of composition with 
excitation at 550 nm and 610 nm. 
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Photoluminescence (PL) measurements were carried out with excitation of the P3HT at 550 nm and 
610 nm, corresponding to a more general excitation throughout the P3HT and a targeted excitation 
of the pi stacking regions of the film, respectively. PL quenching was calculated relative to the 
emission of a pristine P3HT film and corrected for the absorption of the films (Figure 6.2). As the CdS 
content is increased an increase in the quenching of the P3HT emission is observed at both 
excitation wavelengths. The reduction in the observed emission is consistent with an increase in the 
number of quenching sites, providing a non-emissive decay pathway for the excitons. It has already 
been shown that an increase in the CdS content results in a greater intermixing of the CdS and P3HT 
(chapter 5). Therefore a strong candidate for the origin of the increase in quenching sites is the 
concomitant increase in the interfacial surface area between CdS and P3HT which facilitates exciton 
dissociation. A discrepancy between the levels of quenching at different excitation wavelengths also 
exists where excitation at 610 nm yields a lower quenching than excitation at 550 nm at all 
composition ratios. A reduced quenching when exciting at 610 nm shows that excitons generated in 
these regions are less likely to reach a quenching site. This suggests that the more ordered regions of 
P3HT reside away from the CdS interface to a greater extent, as has been postulated by others in 
polymer fullerene systems.11 This is also in agreement with the reduction of order observed in the 
P3HT when exposed to high loadings of CdS, where the P3HT becomes more likely to reside close to 
an interface.  
 
 
Figure 6.3: Absorption spectra of CdS formed in a polystyrene (PS) matrix and pristine P3HT with demarcations 
showing excitation wavelengths employed in the following transient absorption spectroscopic investigation. 
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Transient absorption studies were carried out on films of varying compositions in order to determine 
charge generation yields with targeted excitation of the CdS and P3HT. The significant difference in 
absorption properties of the two components, shown in figure 6.3, allows for targeted excitation of 
each component without causing significant simultaneous excited state formation in the other. 
Samples were excited at 355 nm and 410 nm to target absorbing states primarily in the CdS. 
Excitations at 450 nm and 500 nm were used to generate excited states in both components, yet 
predominantly within either CdS or P3HT by virtue of their relative absorptions at those 
wavelengths. Excitations at 550 nm and 600 nm were used to excite the P3HT exclusively. Excitation 
at 550 nm was employed as a general excitation of the P3HT, and at 600 nm to excite those regions 
contributing to the π-π* transitions. In all cases the TAS kinetics were measured with a 980 nm 
probe to monitor the behaviour of the P3HT hole polaron, as in previous studies. From the TAS 
kinetics measured, 1 µs averages of the change in absorbance were taken and are shown as a 
function of both composition and excitation wavelength in figure 6.4.  Figure 6.4a and 6.4b show the 
change in absorbance of the films corrected for the number of incident or absorbed photons at the 
different excitation wavelengths, respectively.. Charge generation, as a function of excitation 
wavelength, is greater at wavelengths corresponding to CdS absorption and the greatest amount of 
charge generation is observed for the films containing 60 % and 70 % CdS by volume. As the 
excitation moves towards the red, a reduction in polaron generation is observed across all 
compositions. When correcting for the photons absorbed by the samples, the data becomes 
proportional to the quantum efficiency of polaron generation, allowing comparison of the yields 
between samples (Figure 6.4b). It becomes apparent that at excitation wavelengths where the CdS 
contributes significantly more to the absorption (355 nm and 410 nm) the polaron yield appears 
relatively constant as a function of CdS loading up to the highest loading of 80 % where a drop is 
observed. As the excitation moves towards the red a reduction in the relative polaron generation 
efficiency is observed for the systems containing less CdS. At 500 nm and 550 nm a feature appears, 
at higher CdS loadings, indicating an increase in polaron generation efficiency. At 600 nm the 
number of charges formed is low in all cases. 
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Figure 6.4:  (a) Excitation intensity corrected and (b) photon absorption corrected 1 µs averaged TAS change in 
absorption  for samples investigated as a function of CdS loading, excited at 355 nm, 410 nm, 450 nm, 500 nm, 
550 nm and 600 nm. (c) Excitation intensity corrected and (d) photon absorption corrected 1 µs averaged data 
corresponding to excitation only at 355 nm, 500 nm and 600 nm for clarity. 
 
Figure 6.4c and 6.4d illustrate more clearly the excitation corrected and absorption corrected 
averages for the excitation wavelengths of interest. At every composition under investigation the 
largest numbers of polarons are produced at 355 nm (figure 6.4c). The relative charge generation 
yield at this wavelength appears similar across all composition with the exception of the 80 % CdS 
loading (figure 6.4d). In comparison to the observed behaviour upon excitation of CdS, absorption at 
500 nm and 600 nm in the P3HT produces far fewer polarons. Moreover, polaron yields here appear 
strongly influenced by blend composition. 
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Figure 6.5: (a) Femtosecond TAS kinetics (corrected for incident excitation intensity) of a 50 % CdS blend, 70 % 
CdS blend and pristine P3HT pumped at 550 nm and probed at 1280 nm. (b) Normalised 1 ps TAS spectra of the 
corresponding samples and 6 ns spectra of a 50 % CdS (dashed) showing the absence of the exciton. 
 
Femtosecond TAS measurements were also conducted on 50 % CdS and 70 % CdS samples to 
examine exciton and polaron behaviour more closely. Figure 6.5a shows the kinetics of excitons in 
these blends samples and pristine P3HT after excitation at 550 nm and probed at 1280 nm around 
which P3HT excitons have been reported to absorb broadly.12  Initial exciton signals are highest in 
the pristine P3HT sample. An increase in CdS content results in a decrease in the number of excitons 
observed and a decrease in their lifetimes. Exciton decay in P3HT is completed by 1 ns while exciton 
decay in the 50 % and 70 % CdS blends is completed by ~150 ps and ~30 ps respectively. A decrease 
in the lifetime of the excitons correlates with an increase in the concentration and proximity of 
quenching sites. The 1 ps TAS spectrum for pristine P3HT (figure 6.5b) shows a broad exciton peak 
overlapping with the expected position of the polaron peak. P3HT has also been shown to produce 
some small number of polarons intrinsically and therefore it is difficult to dissociate the 
contributions of each species to the magnitude of the signal.13 However, comparison with the 
samples containing CdS shows a relative increase in the signal at these wavelengths (ca. 950 nm). It 
may therefore be suggested that an ultrafast electron transfer process is occurring on a timescale 
beyond the resolution of the ultrafast TAS set-up, as has been observed in other systems.14 
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Figure 6.6: (a) 1 ps TAS spectra for 50 % CdS and 70% CdS loading samples pumped at 355 nm. (b) Kinetics of 
the corresponding samples probed at 920 nm. 
 
Excitation of the same samples was also conducted at 355 nm (figure 6.6a). Absorption at this 
wavelength takes place predominantly in the CdS facilitating a reduction in the production of P3HT 
excitons. This allows early timescale signal to be more easily attributed to the presence of charges 
and demonstrates that the excited state dynamics in CdS also exhibit this sub-picosecond transfer 
behaviour. Interestingly, observation of the kinetics of charge formation show, not only the initial 
presence of charge, but also a rise in polaron signal up to 1 ns (figure 6.6b).  
In common organic systems, the generation of charges relies predominantly on absorption by the 
donor material and an interfacial electron transfer process to the acceptor.15, 16 In contrast, charge 
generation here also is facilitated by an effective hole transfer mechanism from CdS to P3HT. 
Furthermore, the differences in morphology, arising from changing material composition of the 
samples, appear to have little effect on the proportion of charges generated within the P3HT 
through this process (figure 6.4d).  
Explanation of this may be made through rationalisation of the behaviour of charges within in CdS. 
Electron hole pairs formed within inorganic materials, such as CdS, are typically subject to weaker 
coulombic interactions due to increased charge screening and high dielectric constants. The 
resultant excitonic binding energy is very low and easily overcome leading to the dissociation of the 
charges occurring readily at room temperature.17 Furthermore, room temperature hole mobilities in 
single crystal CdS have been reported at 15 cm2V-1s-1, as well as lifetimes of up to 0.3 µs.18 These 
values are characteristic of the bulk material and act as an indication of the potential properties of 
this nanostructured CdS. The long lifetime and rapid movement of charges should facilitate the long 
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range migration of holes to an interface on a timescale competitive with non-geminate 
recombination as illustrated by the sub-picosecond presence of polarons in ultrafast measurements. 
At the highest CdS loading a drop in the polaron yield at long timescales is observed. This can be 
explained by a significant reduction in the interface available for the hole transfer to occur. It is 
possible that the limited quantity of P3HT is easily saturated by the charges and its amorphous 
structure inhibits the migration of these polarons away from the interface. Other charges that sit by 
the interface in the CdS would therefore be unable to undergo the transfer process leading to a 
greater proportion that is subjected to recombination instead. However, such speculation cannot be 
verified with the presented data. 
In contrast to the observed behaviour upon excitation of CdS, P3HT exhibits a starkly different trend 
with varying composition. In this case polaron generation relies on the migration of excitons 
generated in P3HT to an interface to facilitate a charge transfer process. A strong dependence of the 
polaron yield on composition is observed at longer timescales, with excitation at 500 nm, where 
polaron yields increase as P3HT content in the samples is reduced (figure 6.4d). This observation 
may be explained simply by consideration of the electronic properties of organic materials. Excitons 
in organic systems are known to be strongly bound leading to short lifetimes and their 
characteristically short diffusion lengths.19 This leads to a strong dependence on a favourable 
morphology where excitons must be generated within their diffusion length of an interface to 
facilitate dissociation.14, 20 As the CdS content is increased the P3HT domains reduce in size (see 
chapter 5) allowing relatively more excitons to reach an interface before recombination occurs. 
Indeed, as CdS content is increased a reduction in the number and lifetime of excitons and a 
corresponding increase in the relative height of the polaron signal are observed at picosecond 
timescales (figure 6.5). Additionally, as has been suggested by the PL measurements (figure 6.2) and 
observed in other systems, the P3HT residing at the interface may be less crystalline than the bulk.21 
Excitons formed in the bulk would then experience an energetic barrier to migration hindering 
movement towards an interface. As P3HT content is increased and more excitons are formed away 
from an interface a greater proportion of them must overcome this barrier in order to facilitate 
charge generation, exacerbating the lower polaron yields. 
Excitation at 600 nm, which has been correlated with absorption in crystalline regions, yields very 
little charge across all samples. An increase in polaron generation efficiency is observed with 
increasing CdS content until 70 % CdS loading, after which the generation efficiency falls. In this case, 
at high P3HT loadings most of the excitons might be trapped away from the interface. At low P3HT 
loadings the crystallinity reduces and absorption cannot be easily attributed to this transition. It is 
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possible that charge generation results from absorption at the tail end of the other characteristic 
P3HT peaks or by direct excitation into the interfacial charge transfer states.22, 23 It should be noted 
that these yields are much lower than those achieved at other wavelengths. 
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Figure 6.7: Illustration of the morphological dependence of charge generation from excited states originating in 
P3HT (purple lines) and CdS (yellow circles). Excitation of CdS in a film with (a) high CdS content or (c) low CdS 
content leads to the formation of effectively free charges. These charges are free to move to the interface and 
transfer to the P3HT on a timescale comparable to the recombination processes. Excitation of P3HT with (b) 
high CdS content or (d) low CdS content generates tightly bound Frenkel excitons. These species are much more 
constrained by their short diffusion length and will only dissociate into free charges if they are formed close 
enough to an interface. In the high CdS content film the interface is extensive and most excitons will be within 
range. However, in the low CdS case the P3HT domains are larger and some excitons are likely to be formed too 
far from an interface to dissociate into charges. 
 
Charge generation was shown to take place on a sub-picosecond timescale through both electron 
and hole transfer processes. Interestingly, charge generation in this system has been shown to 
exhibit strong morphology dependence only when exciting the P3HT and not CdS (figure 6.7). This 
strongly suggests that the domain size limitations imposed by the traditional idea of a BHJ 
morphology does not apply, in its entirety, to this system. It is prudent to note that only those 
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materials that are constrained in their excited state diffusion length need be bound by these design 
rules. In this system both components contribute as absorbers to the charge generation process and 
therefore a balance must be struck between maximising the charge generating efficiency of each 
material as well as their relative proportions in the active layer. It may also be proposed that 
exploitation of the morphology independence of the inorganic material through the use of a more 
strongly red absorbing substitute would be advantageous for generating more charges with less 
concern for morphological fine tuning. 
 
 
6.3.2 Investigations on the Morphological Dependence of Charge Extraction 
 
We now consider the relationship between morphology, charge generation yield and extraction of 
the photocurrent in equivalent devices. More specifically overall TAS yields are compared with their 
corresponding device JSC’s across the compositions under investigation (figure 6.8). The 1 µs 
averaged TAS yields at excitation wavelengths, λ, between 355 nm and 600 nm (     ), corrected 
for the incident photon flux, were used to calculate the relative approximate charge generation yield 
under AM 1.5 illumination (    ) for each sample as described in equation 7, 
(Equation 7)        
∑             
∑                
 
where       is the incident photon flux of AM1.5 sunlight at wavelength  . As the composition of 
CdS is increased from 30 % to 60 % the relative polaron yield is seen to increase. Yields between 60 
% and 70 % CdS appear comparable while a significant drop in relative polaron yield is observed for 
the highest CdS loading. In contrast to this, the observed short circuit currents increase from 30 % to 
50 %. A plateau in JSC occurs between 50 % and 60 % before decreasing at higher CdS loadings. 
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Figure 6.8: The relative charge generation quanta (red triangles) for films as a function of blend composition 
calculated from equation 7 using the 1µs averaged TAS yields at the wavelengths given in figure 6.3. Equivalent 
device JSC’s (black diamonds) are given for comparison. 
 
A clear discrepancy is visible between the number of charges formed and the number that are 
subsequently extracted. This is thought to be the result of a reduction in percolation through the 
P3HT phase trapping charge in disconnected domains of P3HT within the active layer at high CdS 
loadings. It is also possible that crystalline regions of P3HT, although not significantly contributing to 
polaron generation in samples with a low CdS loading, may be integral to the effective extraction of 
charges from the active layer of devices.  
Further measurements were conducted on samples comprising the 50 % and 70 % CdS loadings. This 
was deemed appropriate as these samples represent the highest extracted current and charge 
generation respectively, where the differences in percolation are most prominent. Figure 6.9a and 
6.9b show the normalised PL spectra for the 50 % and 70 % samples respectively, excited at 410 nm, 
490 nm, 560 nm, and 610 nm. The equivalent emission spectra for a pristine P3HT sample are 
overlaid for comparison. 
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Figure 6.9: Photoluminescence spectra of (a) 50 % CdS loading and (b) 70 % CdS loading samples at excitation 
wavelengths of 410 nm (blue), 490 nm (cyan), 560 nm (green), and 610 nm (red). Equivalent pristine P3HT 
emission spectra are given for comparison (grey and light grey). 
 
The pristine P3HT emissions appear to overlap one another regardless of excitation wavelength, 
displaying a peak at ~725 nm and an accompanying shoulder at ~670 nm consistent with the 
presence of highly ordered P3HT.24, 25 Excitation at all wavelengths within the 50 % CdS sample yields 
an emission spectrum comprised of a peak at ~710 nm and a shoulder at ~650 nm, blue shifted to 
the emission spectra of the pristine P3HT sample. This shift in the emission peaks can be attributed 
to changes in the environment of conjugating segments of the polymer consistent with a decrease in 
order caused by the close proximity of the CdS.26 The excitation independence of the emission 
spectra and similarity in shape to P3HT is indicative of the preservation of order within the polymer 
domains of the blend. In ordered systems the effective overlap of the exciton wavefunction between 
polymer segments is greater increasing the probability of a successful hop from one site to 
another.27 Excitons can then migrate from higher energy states to the lowest local energy states 
before recombining through fluorescence resulting in a distinct emission spectrum as is consistent 
with Kasha’s rule.28 Excitation at 610 nm is close to the absorption edge of P3HT and therefore 
primarily of the lowest energy states within the material. The similarity of the PL spectra here is 
confirmation that higher energy states are not significantly contributing to the emission.  
Excitation of a 70 % CdS sample at 610 nm yields a comparable emission spectrum to those of the 
50 % CdS sample, with a peak and shoulder at ~710 nm and ~650 nm respectively. However, in 
contrast to the 50 % blend and pristine P3HT samples, excitations of increasing energy result in a 
clear change in the shape of the emission. Excitation at 560 nm yields an increase in the intensity of 
the shoulder emission relative to the ~710 nm peak and a general blue shift in the overall emission 
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profile of the sample. Excitation at both 410 nm and 490 nm yield similar emission spectra that are 
both broad in nature and peak around ~670 nm. The dependence of the PL on excitation wavelength 
is indicative of inhibited exciton migration. Excitons which are generated in higher energy states are 
unable to hop to lower energy sites and instead recombine radiatively, resulting in a blue shift of the 
emission. This behaviour suggests that excitons are trapped in higher energy states as there are 
fewer low energy sites present to facilitate exciton migration and is consistent with the observation 
of increasing polymeric disorder at higher CdS loadings.  
 
 
Figure 6.10: Normalised TAS absorption spectra of the P3HT hole polaron peak in 50 % CdS blend, 70 % CdS 
blend and a 50 % CdS blend with regiorandom P3HT. Excitation wavelength of 355 nm was used to minimise 
the formation of P3HT excitons. Spectra averaged between 1 and 6 ns. 
 
Figure 6.10 shows the TAS spectrum for the hole polarons in both 50 % and 70 % CdS samples taken 
using an ultrafast TAS set up, with the polaron spectrum for a 50 % CdS blend with regiorandom 
(RRa) P3HT displayed for comparison. In a blend consisting of 50 % CdS and regioregular (RR) P3HT 
the polaron transition peaks at ~960 nm. The introduction of more CdS or RRa P3HT leads to a 
significant blue shift in the polaron peak consistent with an increase in disorder. Indeed RRa P3HT is 
well known to exhibit an amorphous character.29 The similarity between the polaron absorptions in 
samples containing RRa P3HT and higher CdS loadings in RR P3HT suggests that the RR P3HT exists in 
an amorphous state. Importantly, hole transport has been shown to be severely hindered within 
disordered and amorphous regions of P3HT.26, 30  
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An explanation for the discrepancy between charge generation and device JSC’s (figure 6.6) can now 
be proposed. In samples with a 50 % CdS loading charge generation is relatively low; however 
current extraction appears proportionally high. While the morphology is not optimised for charge 
generation, the existence of larger ordered P3HT domains improves percolation facilitating the 
extraction of charges. In comparison, charge generation is high in samples with a 70 % CdS loading, 
while current extraction is reduced. It may be suggested that, although the increase in CdS results in 
a more favourable morphology for charge generation, the loss of order within the P3HT leads to the 
effective trapping of charges within the active layer. It would appear, therefore, that a balance must 
be struck between a morphology that facilitates charge generation and one that encourages 
extraction of those charges. In order to overcome this dichotomy greater control of the morphology 
must be achieved through other means to ensure percolation is not sacrificed as P3HT domain size is 
reduced. 
 
 
6.4 Conclusion 
 
In this chapter investigations of the morphological influence on charge generation were conducted. 
Morphology was controlled by changing the composition ratio of CdS to P3HT and targeted 
excitation TAS measurements were conducted. It was found that upon excitation polaron generation 
via both electron and hole transfer processes occurred on a sub-picosecond timescale. Furthermore, 
charge generation via an electron transfer process was found to be heavily influenced by the CdS 
content in the films. This was attributed to an increase in the interfacial area of the blend and the 
reduction in P3HT domain size towards the diffusion length of the exciton allowing more excitons to 
reach the interface. Conversely, the hole transfer process, from CdS to P3HT, showed little 
dependence on the composition of the blends and thus the morphology. It was determined that a 
more red absorbing inorganic would reduce the need for such fine tuning of the morphology in order 
to achieve high charge generation yields.  
Secondly, correlation was made between the charge generation yields and JSC’s as a function of 
changing CdS/P3HT composition. A discrepancy between high charge generation and efficient charge 
extraction was found as CdS loading was increased. It was ascertained that as CdS content was 
increased the P3HT became more amorphous. This was correlated with a reduction in mobility of 
holes leading to reduced ability for charge extraction from the photoactive layer. Furthermore, it 
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was established that crystalline P3HT was important for charge extraction and therefore the 
optimum morphology was not that which produced the most charge. 
In conclusion, the relationship between charge generation, charge extraction and morphology has 
been elucidated. The incorporation of more red absorbing inorganic materials should lead to a 
relaxation of the need to tightly control the BHJ morphology. Alternatively, the use of a polymer less 
reliant on high crystallinity for hole transport should allow the use of greater proportions of the 
inorganic component leading to higher device currents.  
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Chapter 7: 
Stability of CdS/P3HT Solar Cells 
 
 
Solar cell technologies that are viable commercially are required to be more than just efficient at 
converting the sun’s rays into electricity. Regardless of how good a solar cell may be when fabricated, 
if exposure to the environment deteriorates the performance of that cell it will not be an effective 
device for general use. In this chapter the stability of CdS/P3HT solar cells will be investigated. Blends 
will be subjected to the ambient conditions, in the light and dark and monitored both 
spectroscopically through transient and steady state absorption measurements and through 
measurement of device performance. Moreover, an attempt to elucidate the mechanisms of 
degradation will be made and a comparison to P3HT/PCBM organic solar cells will be presented. 
 
 
7.1 Introduction 
 
Ultimately the goal of any solar cell development has been to achieve a technology that is suitable 
for commercial application by producing cost effective energy. Notably, most trends in OPV research 
have been in the direction of increasing device efficiency. For commercial success, however, solar 
cell technologies must have the right balance of efficiency, fabrication cost and long term stability.1 
Work on lowering the cost of these technologies lays in the solution processibility of the 
components and the utilisation of high throughput printing techniques. The focus here will not be on 
this aspect of PV research but more information on work in this area can be found here.2-4 In order 
to extend the lifetime of any PV technology one must identify the mechanisms that lead to device 
failure. Once the detrimental factors are identified it becomes possible to provide solutions and 
countermeasures that are appropriate.  
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Some extensive work has been conducted in this regards over the years.1, 5 Initial investigations were 
undertaken on the PPV class of polymers with a focus on the effects of ambient conditions on 
electronic device behaviour. It was found that films were susceptible to diffusion by both oxygen and 
water.6 Work shedding light on the mechanisms of this behaviour showed a strong sensitivity of PPV 
towards oxidation, particularly of the vinyl moieties.7, 8  An improvement in the stability of organic 
semiconductors was achieved through the development of a range of new polymers including P3HT.9 
Nonetheless, further studies have shown that even in these materials degradation still occurs readily 
through oxygen or light driven mechanisms, albeit at a slower rate.10 Interestingly, the degradation 
of P3HT was shown to be slowed in a blend with PCBM as compared to a pristine film. It was 
proposed that the PCBM effectively quenched the reactive excited state of P3HT, however the 
resultant oxidation of the PCBM detrimentally affected electron mobility.11 
In OPV BHJ devices sufficient intermixing of the photoactive materials is known to be critically 
important for facilitating high efficiencies.12 However, optimum morphologies have been reported to 
thermodynamically unstable in polymer/fullerene blend systems with a tendency towards large scale 
phase segregation of the components over long timescales.13, 14 These challenges are also 
supplemented by the influences of the other solar cell layers often employed, through their intrinsic 
stabilities15-17 or by other degradation processes acting on the active layer.18, 19  
Among the benefits of incorporating inorganic materials into solar cells is the perceived benefit of 
greater resistance to oxidative attack and therefore enhanced stability. The addition of inorganic 
interlayers has already been shown to extend the lifetime of devices significantly.16, 17, 20, 21 Similarly 
devices incorporating inorganic materials in the active layer have also shown greater resistance to 
degradation although these are normally coupled with the use of inorganic interlayers.22 As a result 
their specific contribution to the stability of devices is not entirely clear.  
The influence of the sulfide nanostructure formed from the use of a xanthate precursor on device 
stability is also not apparent. Furthermore, these structures are unlike the nanoparticles traditionally 
utilised in hybrids both morphologically and in their photophysical behaviour.23 It is therefore not 
possible to draw a direct correlation from the resistive properties of other hybrid solar cells and 
those incorporating this nanostructure. In this chapter the stability of in-situ grown CdS/P3HT 
devices is investigated. The environmental factors that affect device stability are studied and the 
conditions encouraging degradation are identified. In addition, a comparison is made between the 
CdS/P3HT and a P3HT/PCBM system to determine the relative benefit imparted by the presence of 
the inorganic component. 
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7.2 Experimental 
 
Devices were fabricated as described in chapter 3 excepted where stated in the text. Devices were 
also fabricated incorporating a P3HT/PCBM active layer in place of CdS/P3HT but otherwise share 
the same inverted architecture with the exception of the CdS layer. The P3HT/PCBM layers were 
deposited by spin coating from a chlorobenzene solution followed by an annealing step at 160 oC for 
1hr. The deposition of MoO3 as an alternative hole selective layer was conducted by evaporation 
under high vacuum. An environmental chamber filled with nitrogen was used to facilitate control 
over oxygen and water content in the atmosphere. The oxygen utilised in this study was sourced 
pure from a gas cylinder and mixed with nitrogen gas before being fed into the chamber. Oxygen 
levels were maintained by regulating the flow of an oxygen/nitrogen mixture or nitrogen as required 
based on the desired oxygen content in the chamber. This was controlled automatically through a 
feedback mechanism by a Coy oxygen controller (series 16A). Water for the chamber was sourced 
from stocks of deionised water. Humidity was maintained with an atomiser and dehumidifier to 
increase and decrease water content, respectively. This was controlled similarly, through a feedback 
mechanism by an ETS humidity controller (model 514C). For comparative experiments under 
nitrogen the environmental chamber was purged with nitrogen until oxygen and water levels were 
at 0.1-0.2% and 2.5% relative humidity respectively. 
Where it is stated that ambient conditions were used, these conditions were the environment of the 
lab in use and assumed to contain both water and oxygen. In these studies ‘under nitrogen’ refers to 
the use of a nitrogen glovebox where oxygen levels were maintained at 0.1 ppm. Samples kept 
under exposure to light were constantly illuminated by commercially available white light LEDs that 
emitted a spectrum as indicated in figure 7.1 below. Samples that were left in the dark were 
completely covered in aluminium foil. At the distance that all samples were kept from these LEDs an 
intensity of ~1/3 sun was measured using calibrating diodes. The device explicitly monitored for the 
effects of light soaking under nitrogen was left in a sample chamber under nitrogen in the solar 
simulator for the duration of the experiment. As such the solar simulator light was used in this case 
rather than the LED’s. Furthermore, all devices were removed from their respective environments 
and placed into a nitrogen environment at the time of testing. In this inert environment they were 
loaded into a sample chamber used for taking IV measurements in conjunction with the solar 
simulator ensuring that the measurements were all conducted under nitrogen. 
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Figure 7.1: Emission spectrum of the white light LEDs employed to illuminate samples in this study. 
 
It should also be noted that for films, used for TAS experiments, exposure to oxygen in the absence 
of water was achieved by flushing of the sample with dry air for up to half an hour before sealing in a 
glass container with the aid of vacuum grease. Achieving a high humidity environment for these 
films utilised the environmental chamber, and the nitrogen atmosphere employed was that of a 
nitrogen glovebox. 
 
 
7.3 Results and Discussion 
 
7.3.1 Elucidating the Conditions Facilitating Degradation in CdS/P3HT Solar Cells 
 
Studies on P3HT/PCBM and other organic solar cell materials have shown a reasonable resistance to 
degradation in inert environments. However, upon exposure to oxygen and light these films and 
devices have consistently degraded quickly.24, 25 A relative improvement has been achieved with the 
incorporation of inverted solar cell designs and inorganic materials however these cells are not 
impervious to the effects of the environment.21, 22, 26 Here investigation is made into the stability of 
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CdS/P3HT inverted solar cells with an emphasis on identifying the conditions that drive degradation. 
Devices were fabricated, as detailed in chapter 3, and their current voltage characteristics measured 
once before being placed in their respective environments. These were either under ambient 
conditions (air and water) or under nitrogen and either illuminated with white light LEDs or left in 
the dark. Over the course of 33 days the devices were monitored by way of measurement of their 
current voltage characteristics. After this time all devices were placed in an inert (nitrogen) 
atmosphere and kept in the dark for 9 days before one final measurement was conducted. Figure 
7.2a shows the change in PCE of these devices. Devices exposed to both light and ambient 
conditions suffer a rapid degradation in performance between 0 and 10 days, after which further 
worsening occurs at a much slower rate. Devices exposed to ambient conditions, while kept in the 
dark, appear unaffected by the air in the first few days. This is followed by a small reduction in PCE 
occurring between 5-10 days after which the performance plateaus. Devices kept under nitrogen in 
the dark exhibit a slow increase in PCE throughout the duration of the study. Those exposed to light 
and under nitrogen display a similar behaviour but for the initial significant increase in performance. 
The final measurement, in all cases, is similar to that measured before removal from the respective 
environments, suggesting that changes that have occurred as a result of exposure are permanent or 
long lasting in nature. 
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Figure 7.2: Evolving (a) PCEs, (b) JSC’s, (c) VOC’s, and (d) FF’s over time for CdS/P3HT devices kept for several 
days under different conditions. Devices were kept under nitrogen, both in the light (hollow squares) and dark 
(black squares) and under ambient laboratory conditions, also both in the light (hollow circles) and dark (blue 
circles). All samples were taken from their environments and placed under nitrogen in the dark after 
measurement on day 33 and measured once more on day 42. 
 
It is clear that device stability is very good under nitrogen, however not particularly so under 
ambient conditions. The corresponding change in parameters JSC, VOC and fill factor are shown in 
figure 7.2b-d respectively. The JSC follows the PCE trend very closely. Under nitrogen device JSC’s 
improve in both cases but to a greater extent in the light. In ambient conditions the device JSC’s 
decrease, also in both cases, to a greater extent in the light than in the dark. A slight reduction in VOC 
and an unchanging or minimal increase in fill factor are observed with exposure to nitrogen, in the 
dark and light respectively. Under ambient conditions an initial increase in VOC is observed which is 
lost over time with exposure to light but maintained in the dark. The fill factor is, likewise, increased 
initially, an increase that is maintained in the dark but lost under exposure to light.  
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The consistent device characteristics with exposure to an inert environment and in the dark 
demonstrate the intrinsic stability of this system. Light exposure leads to an increase in performance 
facilitated through an increase in the current. However, these light effects may be multifaceted, 
including changing energetics of the materials and heat driven morphological rearrangement of the 
system.27-29 The mechanisms by which water and oxygen both in the light and dark work are also 
numerous.1, 10, 30 Similarly, that it may be suggested that multiple degradation pathways exist, is 
strongly supported by the shift in parameters caused by the light exposure. 
To better understand the processes that have taken place a similar study was undertaken 
monitoring the absorption and P3HT polaron yield of CdS/P3HT blend films under different 
conditions. Oxygen and water were predicted to be the two likely candidates responsible for the 
changes observed in device performance over time. In order to separate the effects of water and 
oxygen dry air was employed as the environment for investigating the effects of oxygen and an 
environmental chamber was set up containing a nitrogen atmosphere and flooded with water up to 
~50% relative humidity. For a control, samples stored in a nitrogen glovebox were utilised. Samples 
were prepared and measured before being placed in these respective environments and measured 
periodically over the course of 12 days. Excitation wavelengths of 450 nm and 567 nm were used to 
generate polaron yields with and without the contribution of CdS absorption. Differences between 
the trends observed at these wavelengths help to elucidate which material plays a role in the effects 
that are taking place. Figure 7.3a and 7.3b show the time averaged relative polaron yields of these 
samples after excitation at 450 nm and 567 nm respectively. 
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Figure 7.3: Normalised 1 µs averaged TAS polaron signals for films excited at (a) 450 nm and (b) 567 nm. Films 
were kept in varying conditions over a period of days; under nitrogen, both light (hollow black squares) and 
dark (filled black squares), ~20 % oxygen, both light (hollow red circles) and dark (filled red circles) and ~50 % 
relative humidity, also both light (hollow blue diamonds) and dark (filled blue diamonds). 
 
Under nitrogen the polaron yields do not change over time, both in the light and dark with an 
excitation of 450 nm. However, an excitation of 567 nm yields a slow reduction of polaron 
generation in the light. Exposure to oxygen in the light results in a drastic reduction of polaron yields 
at both excitation wavelengths, while in the dark, only a slight reduction is visible due to exposure. 
The presence of water results in a reduction in polaron yield in all cases. Excitation at 567 nm yields 
equivalent changes in polaron yield over time, in the light and dark, while excitation at 450 nm 
shows a slight resistance to the reduction in the light.  
Under nitrogen the films show no change in absorption (figure 7.4a) and discrepancy between the 
TAS polaron yields between light and dark are observed only at an excitation 567 nm. It could be 
suggested a process has taken place that results in a change in the ability of excitons within the P3HT 
to move to an interface. Street et al have shown that continual light exposure results in the creation 
of extra defects within P3HT:PCBM films.31 It is possible that such defects exist and are generated 
under continual light exposure in the case of these films. 
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Figure 7.4: Absorption spectra of CdS/P3HT films exposed to (a) nitrogen atmosphere, (b) dry air and (c) 
nitrogen atmosphere with high humidity (~50 % RH). Measurements were taken initially before film exposure 
to the various conditions and every 4 days after, up to 12 days. 
 
Equally, the slight reduction in polaron generation with exposure to oxygen in the dark may be 
caused by the diffusion of oxygen, over the course of hours, into the films leading to doping, as has 
been reported elsewhere.32 The observed reduction in polaron generation in films due to exposure 
to oxygen and light correlates with the reduction in the absorption of the blend (figure 7.4b). This is 
consistent with a light induced oxidation of the polymer as has been described in the literature.33 
This mechanism leads to the most significant reduction in current generation and can be expected to 
facilitate a similar trend in device performance. Interestingly, if one refers back to the initial study 
(figure 7.2), devices under ambient conditions did not decay in performance as quickly or to the 
same extent in spite of the exposure to both light and oxygen, although a change in P3HT absorption 
was clearly visible. This may be because the electron and hole selective layers of the solar cell 
provide some extra degree of protection oxygen and water diffusion into the active layer.34 
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Furthermore, the apparent reduction in unoxidised P3HT also suggests that another route to charge 
formation is present within the cells, originating from the CdS, however such possibilities require 
further investigation. 
As is displayed in figure 7.4c, water exposure has only a minimal effect on absorption through 
exposure to light. Such a reduction in the absorption may be the result of the presence of a small 
amount of oxygen within the environmental chamber (0.1-0.2% volume) or a very slow cadmium 
directed hydrolysis of the thiophene at the interface.35 The initial reduction in polaron generation, 
observed in both the light and dark, is therefore unlikely to be the result of a severe decomposition 
of either component. Water diffusion through the grain boundaries throughout all the layers of 
organic solar cells has been shown to occur.5, 36 Considering the more hydrophilic character of CdS 
relative to both P3HT and PCBM one could expect a greater if not equal uptake of water into 
CdS/P3HT blends. This water would likely reside at the interface between the materials wherever 
the balance of their surface energies are favourable for it to sit. With or without the hydrolysis of 
interfacial thiophene rings the presence of water here could inhibit exciton dissociation leading to a 
reduction in charge generation. Moreover, once equilibrium has been reached between the 
interfacial water and the water in the environment no further effects would be observable. 
Alternatively, the long term exposure of P3HT to water may result in a change in conformation of 
some of the P3HT chains by virtue of its hydrophobicity. P3HT chains residing by the interface with 
CdS, which reply on some form of orbital overlap with the CdS for charge generation, could then see 
a reduction in this overlap and suffer a decrease in the ability of excitons to dissociate at these sites 
as a result.  
Excitation at 450nm and 567nm yield different trends in samples subjected to high humidity.  
Exposure to light improves charge generation at 450nm but not at 567nm. The phenomenon 
responsible for this discrepancy is therefore likely to be the result of a change in behaviour of 
excited states generated within the CdS. CdS is known to be a common photoresistor material and 
exhibit a change in charge transport properties under light exposure.37 It is therefore possible that 
such an increase results in an improvement in the ability of newly dissociated charges to move away 
from the interface and delay recombination.23 It should be noted that the data presented here does 
not cover these speculations, however, and therefore further work must be conducted in order to 
elucidate the mechanisms responsible for these observations. 
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Figure 7.5: Change in (a) PCE, FF, (b) VOC and JSC on a single pixel of a CdS/P3HT device under constant light 
exposure at 1 sun. This device was kept in the solar simulator under nitrogen for the duration of the experiment 
and measured periodically. 
 
The effects of continual light exposure are known to affect a number of the layers and materials 
integral to the device. Other than CdS and P3HT, for example, TiO2 has been reported to be sensitive 
to the exposure of light affecting the performance of P3HT/PCBM devices.38 In light of these points, 
a qualitative difference between the behaviour of devices and films in the light and dark can be 
appreciated. The influence of constant light exposure on the behaviour a typical CdS/P3HT device 
under nitrogen is shown in figure 7.5. A continual reduction in VOC and increase in JSC and PCE are 
observed and can be fitted to an asymptotic function to predict a relative increase of -5%, +20% and 
+11% respectively at the plateau. It should be noted that there are many processes occurring and 
therefore the relative sensitivity to the light of each component and its individual contribution to the 
change in device function is not easily ascertained. 
This is an important result. All the devices presented in this chapter and the preceding ones were 
not subjected to long term exposure to the solar simulator. Due to the rate of change being the 
fastest initially upon light exposure, differences between samples that are very similar in efficiency 
cannot be easily resolved without very long term exposure. Further to this, this result demonstrates 
that some aspect of this device architecture, that is sensitive to light exposure, is inhibiting superior 
performance. 
It has so far been shown that CdS/P3HT devices are completely stable in inert conditions however 
they appear to degrade under ambient conditions. Further investigation has shown a significant 
influence of both water and oxygen to the charge generation properties of the film. Oxygen in 
combination with light exposure lead to a reduction in film absorption as is consistent with oxidation 
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of the polymer. The effects of water are not light dependent and do not lead to significant film 
degradation. It is postulated that water sits or reacts at the interface between CdS and P3HT 
inhibiting exciton dissociation. 
 
 
7.3.2 A Comparison between CdS and PCBM in Inverted Solar Cells 
 
One driving force for the development of hybrid photovoltaics is the promise of improved stability 
relative to fully organic devices. A large volume of literature has been generated over the years, with 
a focus on understanding and optimising blend designs.39 Some work has been conducted on the 
stability of such systems, however at the time of writing; the hypothesised relative improvement in 
stability achieved with the incorporation of inorganic materials has not been the subject of direct 
scrutiny. Here, a comparison between in-situ grown CdS devices with inverted P3HT/PCBM devices is 
made, under nitrogen, with separate exposure to oxygen and water, and without light exposure. 
An initial control was conducted by exposing cells to a nitrogen environment within an 
environmental chamber (0.1-0.2% oxygen, 2.5% relative humidity). Figure 7.6a-d shows the change 
in PCE, VOC, JSC and FF respectively as a function of exposure duration. 
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Figure 7.6: Changes in (a) PCE, (b) JSC, (c) VOC and (d) FF for CdS/P3HT (green diamonds) and P3HT/PCBM (blue 
triangles) devices kept under nitrogen in an environmental chamber (~0.1-0.2 % O2 and ~2.5 % RH). 
 
A slight increase in the PCE of the CdS devices is observed while the PCBM devices suffer a slight 
reduction in performance. This is attributed to a respective rise and fall in current over time. VOC and 
fill factor appear to be constant throughout. Such a result shows that intrinsically the stability of the 
CdS devices appears superior, as has been observed previously (figure 7.2). The causes for the 
relative instability exhibited by the P3HT/PCBM devices were not the focus of this study and 
therefore not further investigated. It could be suggested, however, that these observations are the 
result of a detrimental change in morphology, as the system reorganises towards a thermodynamic 
equilibrium.14  
Some devices were exposed to very high oxygen levels (50% oxygen, 2.5% relative humidity) and 
monitored over time. The change in device parameters can be seen in figure 7.7. As exposure 
duration is increased a decrease in PCE is observed in the case of both CdS and PCBM devices. 
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Figure 7.7: Changes in (a) PCE, (b) JSC, (c) VOC and (d) FF for CdS/P3HT (green diamonds) and P3HT/PCBM (blue 
triangles) devices kept under nitrogen flushed with 50 % oxygen in an environmental chamber (~50 % O2 and 
~2.5 % RH). 
 
The reduction in PCE correlates directly with the measured reduction in JSC. VOC increases in the case 
of CdS and remains stable in the case of PCBM. Fill factor, however remains stable in the case of CdS 
and falls in PCBM. PCBM devices display a far more severe reduction in performance, exhibiting a 
fast phase of decay between 0 and 500 minutes, followed by a slower but continual degradation for 
the duration of the experiment.  Again, the mechanisms responsible for this observation were not 
the focus of this study; however it is likely that oxidation may be facilitated within the active layer of 
the P3HT/PCBM blend. Mechanisms of both PCBM and P3HT oxidation have been reported in the 
literature and it is plausible that one or more are responsible for these observations.10, 11, 40 As the 
CdS/P3HT film is not compromised, one might draw the conclusion that oxidation does not occur. 
However, P3HT oxidation must be considered equally likely in both films in the absence of further 
evidence. It could be suggested that, in similar fashion to the PCBM oxidation mechanism, excited 
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states on the P3HT transfer over to the CdS such that oxidation is facilitated there. This is less likely 
to detrimentally affect device performance as the electronic properties of CdO and CdS are not 
dissimilar.41-43 All other layers between the devices are the same and are therefore deemed not to 
be a significant influence. 
Finally, devices were subjected to an environment with a high humidity (0.2% oxygen 50% relative 
humidity). Upon exposure to water, performance deteriorated in all devices; however, this was not 
attributed solely to differences within the active layer. The PEDOT:PSS layer is known for its 
hygroscopic properties and has been identified as responsible for device failure in a number of 
studies.16, 17 In other works replacing PEDOT:PSS with metal oxides resulted in an increase in the 
stability of the solar cells under investigation.16, 44, 45 As such, devices were fabricated replacing 
PEDOT:PSS with evaporated MoO3 for the purposes of separating the effects of water on the active 
layer from this layer. Figure 7.8 shows the change in parameters for the devices utilised in this study. 
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Figure 7.8: Changes in (a) PCE, (b) JSC, (c) VOC and (d) FF for CdS/P3HT devices with PEDOT:PSS (green diamonds) 
or MoO3 (red circles) hole selective layers and P3HT/PCBM devices with PEDOT:PSS (blue triangles) or MoO3 
(dark cyan triangles) kept under nitrogen and 50 % relative humidity in an environmental chamber (~0.2 % O2 
and ~50 % RH). 
 
Devices with PEDOT:PSS exhibit a drop in PCE, JSC, and VOC. This behaviour has been observed 
repeatedly in the literature and associated with an increase in the resistance of the PEDOT:PSS layer 
with exposure to water.46-48 It was shown by Kawano et al that water uptake by PEDOT:PSS leads to 
inhomogeneous insulating behaviour at the interface with the active layer effectively reducing the 
active cell area.48 In contrast, devices that incorporate MoO3 show different trends. In PCBM devices 
all the parameters have remained constant suggesting that the MoO3 layer is stable to water over 
these timescales. Changes in the parameters of the CdS devices can therefore be more easily be 
attributed to the differences between the active layers. The CdS device displays an initial increase in 
efficiency followed by a slow reduction back to a value similar to its initial mark by virtue of a 
balancing of the other parameters.  The decrease in JSC is consistent with the reduction in charge 
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generation observed previously (figure 7.3). An increase in VOC and FF are observed and could be due 
to the presence of water, or water related species, at the interface between CdS and P3HT inhibiting 
the recombination of charges that are successfully formed. Furthermore this change in behaviour 
appears to occur within 1000 minutes after which plateaus are observed in each parameter. This is 
also consistent with the influence of water on the active layer observed with TAS measurements. 
In summary, devices incorporating CdS/P3HT and P3HT/PCBM active layers were compared in a 
variety of conditions. Both were found to be stable in inert conditions although a slight increase in 
performance over time was observed in CdS devices. Exposure to high levels of oxygen resulted in 
the rapid degradation of the PCBM devices, while CdS devices were unaffected. This was attributed 
to the susceptibility of PCBM to oxidation leading to a reduction in the effective electron mobility of 
the active layer. In contrast water exposure was found to have no effect on PCBM devices once 
PEDOT:PSS was removed. The reduced charge generation and extraction in CdS devices was offset 
by an increase in FF and VOC resulting in comparable PCEs to the PCBM devices. Overall it has been 
shown that devices incorporating CdS appear to be more resistant to degradation than those 
utilising PCBM supporting the hypothesis that the introduction of inorganics is beneficial for device 
stability. 
 
7.4 Conclusion 
 
An investigation into the stability of CdS/P3HT devices was conducted by exposing films and devices 
to various different conditions. Devices were shown to be stable in both the light and dark whilst 
under nitrogen. This suggests that morphological degradation is a very slow process in CdS/P3HT 
films. Furthermore commonly used encapsulation techniques can be applied without fear of damage 
to these devices. Exposure to ambient conditions resulted in degradation in both the light and dark 
but to different extents. Monitoring the charge generation of films under different conditions 
showed that the effects observed in devices were due to a combination of factors. These were most 
prominently the effect of light under nitrogen, exposure to water, and exposure to oxygen in the 
presence of light. The effects of light on the charge transport properties of CdS and its influence on 
the number of trap sites within P3HT are both reported in the literature.31, 37 These factors and light 
effects on the other layers of the cells resulted in the increase in solar cell performance. Water was 
shown to reduce the yield of charges within the blend. It was suggested that this was due to 
diffusion of water throughout the active layer and residing at the interface leading to worsening 
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charge generation. A combination of light and oxygen lead to a reduction in charge generation, 
device performance and film absorption. Correlation between these implied that P3HT degradation 
through photo-oxidation was responsible.  
Comparison of the CdS/P3HT system with a P3HT/PCBM control system was conducted. It was 
observed that both the CdS and PCBM systems were intrinsically stable. Exposure to oxygen yielded 
a significant deterioration in performance of the PCBM system while the CdS system was relatively 
unaffected over the same time period. Exposure to water indicated that the presence of the 
PEDOT:PSS layer  made the devices unstable and the introduction of MoO3 resulted in an 
improvement the resistance of both systems to water. The PCBM system was shown to be 
unaffected by the high humidity environment while the reduction in JSC was offset by the increase in 
fill factor and VOC in the CdS system, resulting in apparent stability due to consistent PCEs. This was 
consistent with the previous study suggesting the presence of an interfacial species causing the 
observed change in the properties of the blend. It was determined that the CdS system was more 
stable overall due to the significantly greater resistance to oxygen degradation. 
In conclusion the stability of this CdS/P3HT system has been demonstrated. In contrast to 
P3HT/PCBM it was shown to exhibit favourable properties in an oxygen and inert environment while 
being comparable in the presence of water. A direct comparison between CdS and PCBM can be 
made and the relative superiority of the inorganic acceptor is clearly apparent. PCBM is known to 
oxidise easily and move through photoactive blends leading to morphological instability. On the 
other hand, if one discounts the vulnerability to the system imparted by polymer, this CdS 
nanostructure appears to suffer much less from the significant degradation mechanisms. This is an 
encouraging result for research into hybrid solar cells as long term stability is essential.  
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Chapter 8: 
Conclusions and Future Works 
 
 
8.1 Conclusions 
 
As was covered in chapter 2, the advancement of the field of HPV required certain challenges to be 
overcome. Traditionally, the use of insulating capping agents has been required to facilitate the 
formation of a well-mixed blend of inorganic nanostructures and organic semiconductors. This has 
been shown to hinder the charge transfer process necessary for the generation of charge from 
neutral excited states. Removing these capping agents from the nanoparticles has led to processing 
difficulties and resulted in poor film morphologies and correspondingly poor photovoltaic 
performance. Methodologies were developed to overcome these challenges such as the in-situ 
growth of inorganic nanostructures in a polymer matrix. One approach that showed great promise 
was the use of xanthate organometallic precursors that could be thermally decomposed at relatively 
low temperature to produce well dispersed metal sulfides embedded in a polymer counterpart and 
volatile side products. It has been the aim of this thesis to determine the potential of the xanthate 
approach to polymer/sulfide blend film formation for use in photovoltaics.  
In the first results chapter (chapter 4) the device architecture was optimised in order to ensure that 
the factors inhibiting solar cell performance were not dominated by processes occurring outside the 
active layer. Firstly, the processing and materials used for the electron selective layer were modified. 
The introduction of a thin layer of CdS led to significant improvement in device performance. It was 
also found that the use of different processing techniques for the deposition of TiO2 resulted in 
comparable behaviour and that thickness of the layer did not significantly change device output. 
Moreover, a range of materials (TiO2, ZnO, Nb2O5, SnO2) were found to be comparable in fulfilling 
the role of the electron selective layer in spite of the varying reported VB and CB positions and 
electron mobilities. Investigations of the hole selective layers and top electrodes yielded different 
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observations. The device performance was shown to be influenced by PEDOT:PSS processing, 
however the use of alternative materials did not result in device improvements. Electrode materials 
with a range of work functions were employed on PEDOT:PSS producing very similar device 
performance. It was determined that the properties of PEDOT:PSS dominated the hole extraction 
process. 
Chapter 5 built on the optimisation of device architecture conducted in chapter 4. Investigations 
were conducted on the influence of processing conditions on xanthate decomposition and the 
photophysical properties of the blends formed. The performance of devices and charge generation 
properties of films were monitored as a function of the timing of the annealing process and 
annealing temperature. It was found that initiating xanthate decomposition after thin film formation 
at a temperature between 160 oC and 200 oC was favourable. Further investigation of the 
morphology showed that higher annealing temperatures lead to a greater intermixing and a smaller 
domain size of CdS. Increasing the temperature too far led to a reduction of charge percolation 
within the active layer due to a detrimental loss of order within the polymer. Changing the 
composition of the blend led to a variation in device performance and charge generation properties. 
Device performance was shown to be greatest with an even volume fraction of CdS and P3HT. This 
was due to a balance of charge generation and percolation throughout the active layer. Film 
thickness was also investigated and demonstrated to not have a significant effect on device 
performance once the thickness increased beyond 170 nm. Finally the influence of changing 
xanthate structure on CdS formation was conducted. It was demonstrated that changing the alkyl 
chain length and branching led to differences in not only the properties of the films formed but also 
altered the trends with regards to decomposition temperature and composition. It was suggested 
that this could be used as a powerful tool to control the morphology of such systems. 
In Chapter 6 the photophysical properties were investigated more thoroughly. Charge generation 
was monitored as a function of composition and excitation wavelength. It was found that charges 
generated from exciton dissociation were very sensitive to changes in the morphology. In contrast 
charges generated from excitation of CdS were only weakly affected by these changes. Closer 
investigation of the exciton dynamics showed that polaron generation occurred in two phases on a 
sub-picosecond and picosecond timescale. Comparison between the charge generation and 
extraction properties of these films and devices elucidated a discrepancy between them. It was 
demonstrated that as charge generation was increased through an increase in CdS content, 
percolation within P3HT was detrimentally reduced due to a loss of order. This loss of order was 
suggested to come from the inability of P3HT to arrange itself favourably in the presence of 
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increasing amounts of CdS. It was determined that improvements in device performance could be 
achieved by relying on charge generation from more red absorbing inorganic replacement for CdS or 
the use of a polymer counterpart with greater hole transporting properties in a disordered state. 
The stability of the devices studied throughout the thesis was investigated in chapter 7. Devices and 
films were subjected to environments containing water and oxygen, both in the light and dark.  
Oxygen, in combination with light exposure, was demonstrated to lead to severe degradation of the 
photophysical properties of films due to oxidation of the polymer. Water was shown to reduce 
charge generation initially but not completely regardless of light exposure. Comparison between the 
stability of devices containing CdS and PCBM was made. CdS devices were shown to be more stable 
in the presence of oxygen while device performances were relatively similar in all other 
environments. 
In summary, the potential of the xanthate approach to HPV fabrication was investigated by studying 
CdS/P3HT devices. The device architecture and processing conditions of the active layer were 
optimised and the photophysical properties of the corresponding films probed. It was found that 
device performance was limited by the need for a balance between charge generation and 
extraction properties of the active layer. Furthermore, due to the low absorption of the CdS and 
weak morphology dependence of charge generation from the inorganic, the use of a more strongly 
red absorbing inorganic should lead to significant improvement of device performance. The stability 
of these systems was shown to be limited by the sensitivity of the organic materials to oxygen and 
water. Incorporation of alternative more resistance replacements for P3HT and PEDOT:PSS should 
lead to significant enhancement of device stability. 
 
 
8.2 Proposed Future Works 
 
Suggestions of ways to improve these devices has been made throughout this thesis, however a 
more comprehensive discussion of what could be done to affect the most pressing limitations is 
made here. 
Firstly, the influence PEDOT:PSS has on device performance was made apparent in chapter 4. 
However, it is not clear whether or not PEDOT:PSS represents the best choice for hole extraction 
from the active layer. It is possible that improvement can be made by the removal of this layer and 
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replacement with an alternative more resilient, higher mobility material. Furthermore, PEDOT:PSS 
shields the active layer from the effects of the electrode work function. This implies that it has a role 
to play in determining the VOC of the devices. A replacement appropriately chosen for the position of 
its VB and CB could lead to a strengthening of the device in-built field. 
As has been demonstrated in chapters 5 and 6, the active layer may be improved in a number of 
ways. There is great potential for finer control of the morphology to be achieved by alteration of the 
xanthate structure, annealing temperature and composition ratio. The greatest charge generation 
has been achieved as the content of the CdS has been increased. The optimum morphology for this 
system should therefore be one in which the CdS content is maximised without detrimentally 
affecting the charge extraction properties of the polymer. Utilising alternative xanthate ligands, 
singly or in combination, could allow greater CdS loadings to be achieved in this way. 
Another way to improve charge generation may be to use more red absorbing metal sulfides. A 
greater proportion of incident light could then be effectively transferred into useful charge. The 
influence of morphology on charge generation from inorganics has been demonstrated to be 
relatively unaffected by changes in morphology. Moreover, superior red absorption by the polymer 
component, something that has been long strived for in OPV systems, would no longer be necessary. 
This would allow the incorporation of polymers with a focus on a range of other more favourable 
properties, such as superior charge transport and stability without sacrificing the charge generation 
potential of the blend. 
Finally, it should be suggested that a system containing two solution processed inorganic materials in 
the active layer be considered. This would allow development to be less focussed on the nuances 
associated with achieving an optimum nanostructure and more on other important factors such as 
the influence of dopants concentrations. Such systems would not be subject to the processing 
limitations dictated by the sensitivity of organic compounds to dissolution and disorder and may 
quickly lead to efficiencies more comparable to those of other PV technologies. 
 
